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The hydration of multi-phase ordinary Portland cement (OPC) and its pure phase 
derivatives, such as tricalcium silicate (C3S) and belite (P-C2S), are studied in the context 
varying process parameters — for instance, variable water content, water activity, 
superplasticizer structure and dose, and mineral additive type and particle size. These 
parameters are studied by means of physical experiments and numerical/computational 
techniques, such as: thermodynamic estimations; numerical kinetic-based modelling; and 
artificial intelligence techniques like machine learning (ML) models. In the past decade, 
numerical kinetic modeling has greatly improved in terms of fitting experimental, 
isothermal calorimetry to kinetic-based modelling based the evolving understanding of 
hydration processes. However, there are remaining points of contention within literature, 
that could potentially take an additional decade to resolve. The dissertation work utilizes the 
numeric kinetic-based, phase boundary nucleation and growth (pBNG) model but also 
introduces ML models as a technique to predict the heat-evolution — which, is related to 
other fresh properties, such as rheological, microstructural, and mechanical properties — of 
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SECTION
1. INTRODUCTION
1.1. GENERAL BACKGROUND AND RESEARCH OBJECTIVES
Concrete is the most widely used material internationally for construction 
purposes [1], with more than 4.1 billion tons produced last year in the United States alone 
[2]. Despite concrete production’s contributions to anthropogenic CO2 emission totals 
globally, concrete is an essential building material, especially to developing countries 
where its mineral precursors are rea(aH) dily available and relatively inexpensive [1]. 
Therefore, research that seeks to gain improved understanding of cementitious systems 
and further limit the carbon footprint of concrete and its components remains of 
importance [3].
This body of research seeks to do just that by studying the hydration reaction — 
which, is related to other fresh properties, such as rheological, microstructural, and 
mechanical properties — of OPC systems and its pure phase derivatives by employing 
physical and advanced numerical techniques to ultimately elucidate understanding and 
predict the consequent early-age properties of hydration. The work contained in this 
dissertation specifically seeks to do this by exploring the effects of: water-to-cement 
ratio; water activity; the molecular architecture of the superplasticizer polycarboxylate 
ether (PCE); size-classified fillers; and mineral additives generally on the hydration of 
cementitious systems. The effects of these various parameters are investigated via
physical experiments and computational work in a series of studies and are introduced 
briefly in the following Sub-Section, 1.6.
1.2. THE STUDY OF SINGLE- & MULTI-CEMENTITIOUS PHASES
OPC-based systems (i.e., pastes; mortars; and concretes) are complicated ceramic 
or ceramic composite systems, that typically consist of copious anhydrous reactant and 
hydrated product phases at a given moment in time [4]. An anhydrous OPC powder 
normally consists of tricalcium silicate, dicalcium silicate, tricalcium aluminate, 
tetracalcium aluminoferrite (commofnly written as C3S, C2S, C3A, and C4AF, 
respectively in cement chemistry notation, where C = CaO; S = SiO2; A = AhO3; F= 
Fe2O3; and H = H2O), and blended with one of the calcium sulfate hydrate states 
(anhydrite, hemihydrate, and/or gypsum) [4]. However, though true, this is a simplified 
depiction of the system. For example, an OPC system is often further complicated due to 
the presence of impurities which are commonly introduced before the pre-calcination 
process (i.e., during the initial mix process) in the aforementioned anhydrous phases, 
which can have various effects on crystallinity and therefore hydration rates. 
Additionally, it is not unusual for a commercial cement to contain additional phase 
components, such as free CaO [5].
Since OPC is such a complex system, pure phase derivatives are often studied to 
provide insight and improve understanding of the fundamental physiochemical processes 
that occur during the hydration process of OPC-based systems. Two such pure phase 
derivatives that are relevant to the work contained within this dissertation document are
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C3S and P-C2S. C3S and P-C2S comprise approximately 50-to-70% and 15-to-30% of
3
OPC by weight [6]. During hydration of both phases, portlandite (CH) and calcium 
silicate hydrate (C-S-H) form in the contiguous solution (i.e., homogeneously) and on the 
surfaces of the cement particulates (i.e., heterogeneously), respectively. C-S-H, 
sometimes referred to as the “glue” phase, is often attributed as the most important phase 
in OPC systems [7-9]. These hydration products are known to form for both C3S and 0- 
C2S, however, they are thought to form at different rates.
1.3. PROCESS PARAMETERS OF INTEREST
Section 1.2. introduces a few of the many complexities present in cementitious 
systems. This section elaborates on the section above by briefly introduces relevant 
process parameters that are also commonly varied in a given cementitious system. To 
give context, a given hydraulic concrete system can contain — but is not limited to — the 
following components: coarse aggregate (i.e., generally gravel that is greater than 
approximately 4.75 mm in diameter), fine aggregate (i.e., generally sand that is less than 
4.75 mm in diameter), anhydrous cement powder, water, chemical additives (e.g., 
superplasticizers), and ground mineral additives (e.g., filler and pozzolanic materials)
[10]. The effects of water, mineral additives, and superplasticizers on hydration are 
explored within individual studies contained in this dissertation document and therefore 
are given focus in the following sub-sections to supply the essential background 
information, necessary to understand the work within this thesis.
1.3.1. Water. Water content is a crucial parameter for a given hydraulic 
cementitious system. Too much water will increase permeability and therefore have an 
inverse effect on mechanical properties, while an insufficient amount of water will limit
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the degree of reaction [11,12]. Since the introduction of lignosulfonates as a chemical 
admixture, an early iteration of a superplasticizer-type dispersant in the 1930s [13], 
researchers have tried to limit the amount of water in cementitious systems in pursuit of a 
dense, impermeable final product. However, as the accepted water-to-cement ratio has 
decreased, the compatibility relationship between superplasticizer and cement binder has 
become more prominent [14]. Superplasticizers and the aforementioned compatibility 
relationship are briefly discussed in Section 1.3.2.
1.3.1.1. Water-to-cement ratio. Previously, in the context of relevant kinetic 
numerical models, it was assumed that an increased water-to-cement ratio provided 
increased volume space for hydration products to nucleate and grow until the majority of 
the water present is incorporated into the hydrate network [15-17]. However, the 
literature [15-17] has demonstrated that the early periods of cement hydration are 
generally unaffected by varying water-to-cement ratios in more dilute systems. Of course, 
below a certain threshold (i.e., below approximately a water to cement ratio of 0.42 on a 
weight basis), a low relative amount of water within the system will eventually effect 
hydration rates at later periods of cement hydration, when self-desiccation ultimately 
ensues [18,19]. The effect of water-to-cement in more dilute (i.e., above the critical 
threshold) cementitious systems is explored and discussed further context of numerical 
kinetic models in Paper I.
1.3.1.2. Water activity (aH). The term water activity (aH) describes the chemical 
potential (i.e., the rate of change of free energy experienced by the system) of the water 
present to undergo thermodynamic processes. aH — in a basic sense — is a property of
water. The importance of which extends to any and all systems that contain water, 
including but not limited to hydraulic cementitious systems [19-21].
To better understand the effect of aH on a given cementitious system, a 
thermodynamic analysis can be conducted by adapting methods established by Oey et al. 
[20] and utilized by Lapeyre et al. [21] These researchers [20,21] introduced the idea of 
experimentally manipulating aH of the cementitious system of interest by varying 
replacements of water with near pure isopropyl alcohol (IPA). IPA was selected as a 
solvent replacement for water because of its outstanding miscibility with water, its 
inertness (i.e., its lack of reactivity with a cement binder compared to water), and its 
relatively smaller molecular size compared to water [22-24]. Further, using this 
approach, these researchers [20,21] were able to determine the critical aH threshold 
required for the overall hydration reaction of the studied cementitious systems to proceed, 
that is, a critical threshold of aH > 0.70 and > 0.45 for C3S [20] and C3A/C$ [21] 
systems, respectively.
This information provides insight that enables improved understanding of 
cementitious systems containing C3S and C3A/C$ in their anhydrous forms. Paper II 
further enhances this understanding by employing the aforementioned thermodynamic 
approach on a standalone belite (P-C2S) system.
1.3.2. Superplasticizers. Superplasticizers are polymeric dispersants used in 
OPC-based systems to improve rheological properties [13]. The incorporations of 
superplasticizers in a mix design can have benefits beyond rheology, that is, the 
integration of a superplasticizer reduces the amount of water required in an OPC-based
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mix, consequently leading to lower porosity and improved mechanical properties in the 
fully hydrated matrix [25,26].
There are several superplasticizers that have been introduced to concrete 
technologists over the years. To name a few modern superplasticizers: polynaphthalene 
sulfonates (PNS); polymamine sulfonates (PMS); polyethylene oxide (PEG) 
phosphonates; polycarboxylate ether (PCE); etc. Superplasticizers can have varying 
effects on hydration depending on the selected superplasticizer’s molecular structure and 
composition; the cementitious system of interest; and the mode of addition. For example, 
PNS are generally negatively-charged linear polymers that have relatively low molecular 
weights, however the optimal molecular weight for PNS are dependent on the type of 
cement. PNS are reportedly more effective for systems requiring relatively high alkalinity 
(i.e., 13.6 pH) [27,28] — such as is required for alkali activated cements, for example, 
since they are chemically stable in such conditions [13,27,28]. This is explained by the 
correlation between the increased presence of alkali, increased concentration of SO42" 
ions, and the PNS adsorption on aluminate phases [13,29]. This is in agreement with 
Nakakimi and Yamada’s [30] findings, that is, the incompatibility relationship is 
associated with the type and amount of gypsum in a cementitious system. However, when 
PNS super-plasticizing effects were directly compared to PCE for a traditional cement 
system by Zhang and Kong [31], PCE demonstrated superior plasticizing capabilities but 
also greater decelerating effects on hydration rates, despite PNS demonstrating superior 
adsorption capabilities at approximately equivalent dosages. The varying performance 
between these superplasticizers can by and large be attributed to the superplasticizers’
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molecular structures. The following paragraph briefly discusses PCE and its parameters 
that are relevant to this dissertation.
PCE — first synthesized in Japan in the 1980s and has been extensively 
researched since then — is a well-known class of comb-shaped, polymer-based 
dispersants. PCE’s comb-shaped architecture is comprised of an anionic backbone (i.e., 
polyacrylic acid or polymethacrylic acid) with side-chains (i.e., polyethylene glycol) 
attached to the backbone. These side-chains serve as steric repellents by protruding 
towards other cement particles and PCE molecules in the contiguous solution, effectively 
dispersing the system [32-38]. As mentioned above, the addition of PCE in a traditional 
cement system can also have a decelerating effect on cement hydration [32,33,38-41]. 
That is, PCE molecules function via electrostatically by attaching to the cement particles’ 
positively charged surfaces and consequently impeding dissolution and nucleation of C- 
S-H [33,34,37,40,41]. PCE’s molecular structure is thought to substantially influence the 
degree to which PCE adsorbs onto surfaces of cement and inhibit early hydration [33­
35,42,43]. Further, with increasing dosage, PCE’s retarding effect on cement hydration is 
observed to become more pronounced until the point at which the system is saturated 
with respect to PCE [43,44]. Paper III explores the combined effects of PCE’s dose and 
molecular structure on the hydration of C3S.
1.3.3. Mineral Additives. As production of OPC increases internationally 
[2,4,45,46], intensified stress is being placed on cement chemists to find replacement 
production procedures and resources to lessen CO2 emissions resulting from OPC 
manufacturing [45,47-49]. That is, during the firing process of OPC — where the 
crushed and ground mineral precursors of OPC (i.e., argillaceous minerals containing
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silicates and aluminosilcate clay materials and calcium carbonate, typically in the form of 
calcite) are heated to approximately 1550°C [or lower, depending on impurity content] to 
form the anhydrous phases briefly discussed in Section 1.2.. At approximately 900°C 
calcium carbonate or rather CaCO3 decomposes, causing the emission of CO2. A 
potential solution, currently being extensively explored and optimized by researchers to 
mitigate CO2 emissions, is partial replacement of OPC with CO2-efficient mineral 
additives such as filler and pozzolanic materials. The following paragraph briefly define 
filler material behavior and provide examples of said materials.
A mineral additive, in the context of hydraulic cement systems and the work 
within this dissertation, can be referred to as a filler material when it exhibits a 
phenomena referred to within literature as the filler effect due to the alterations of 
hydration reaction rates [4,17,50-53] that accompany the replacement of cement with a 
filler material. More specifically, filler materials characteristically accelerate [4,17,51] 
early-age hydration (i.e., 0-to-24 hours after water is initially introduced to the anhydrous 
cementitious powder) chemical processes, leading to faster setting times and 
development of mechanical properties. This enhancement in hydration reaction rates is 
often attributed to the augmentation of total solid surface area that occurs when filler 
materials are used to replace cementitious powder. This in turn increases the number of 
surface sites available for the aforementioned hydration product, C-S-H — the “glue” 
phase — to nucleate and grow upon heterogeneously. Typical fillers materials include, 
but are not limited to: limestone (crystalline CaCO3); quartz (crystalline SiO2), silica 
fume (amorphous SiO2); polymorphs of TiO2 (i.e., rutile and anatase); metakaolin
(amorphous-like AhSi2O7); and corundum (crystalline AI2O3) [52-59]. Paper IV 
compares the reaction performance of filler materials in [C3S + filler] systems.
1.4. HYDRATION IN THE CONTEXT OF ISOTHERMAL CALORIMETRY
There are numerous physical techniques that can be employed to observe the 
hydration reaction progression for a given cementitious system. Other techniques are also 
often used to glean understanding regarding underlying kinetic mechanisms, but such 
techniques are outside of the scope of this work and are described in more detail here [60].
In the most basic sense, calorimetry is the measurement of heat [either absorbed 
or emitted] of a given system. Common calorimetry techniques — which, are discussed 
in more detail in this reference [60] in the context of cementitious systems for the 
interested reader — include differential scanning calorimetry (DSC) and adiabatic, semi­
adiabatic, and isothermal calorimetry. With that stated, isothermal calorimetry — a 
technique that observes the heat evolution of a given sample at a constant temperature as 
it varies with time — is of interest to introduce in the context of cement hydration due to 
prominence and reoccurring utilization throughout the studies contained in this 
dissertation document.
Isothermal calorimetry is a useful tool when studying hydration reactions of 
cementitious materials. This technique is used to both qualitatively and quantitively 
observe the heat emitted and/or absorbed (i.e., exo-/endo-thermic) during chemical 
processes as a function of time. The physically obtained data can be expressed as the heat 
flow rate and/or the cumulative heat emitted as a function of time at a constant
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temperature. The heat flow rate is useful in understanding reaction kinetics, while the
cumulative heat can be analyzed to obtain enthalpy, activation energy, and other 
thermodynamic parameters. The heat flow measured during the hydration process acts as 
a unique signature and can be used to better understand the underlying kinetic 
mechanisms in different cementitious systems. Early hydration can be categorized into 
four characteristic time-periods using the heat flow signatures (as seen in Figure 1.1.).
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Figure 1.1. Early hydration of cement is often described in four periods that correspond 
to observable regime changes in heat flow rate as a function of time, which is measured 
using isothermal calorimetry. The four stages of early hydration are often referred to in 
the literature as: the (I) initial period; (II) induction period; (III) acceleration period;
and (IV) deceleration period. The heat flow emitted over the course of the entire 
hydration reaction, with respect to each, unique cementitious system, can serve as a 
characteristic heat-evolution “fingerprint”, yielding information about underlying
kinetic mechanisms.
These are stated in literature as the (I) initial period; (II) induction period; (III) 
acceleration period; and (IV) deceleration period [3]. Within the first half hour or so 
from when the anhydrous cementitious powders come in contact with water (i.e., the 
initial period), particle surfaces are wetted and the consequent rapid dissolution and 
precipitation of hydration products leads to the induction period, where after rapid
dissolution and precipitation, the pore solution is suddenly in a state of undersaturation. 
Two mechanisms have been proposed as the induction period’s controlling process: a 
metastable barrier or a dissolution-precipitation step-regime, with the later having more 
supporting experimental evidence, which is summarized in these references [8,61]. The 
induction period  is commonly thought to be rate-limited by a dissolution-precipitation 
step-regime until the pore solution becomes supersaturated and a mass nucleation event 
occurs (~ 4 h after hydration has been initiated), signaling the end of the induction period 
and the beginning of the acceleration period. The acceleration period  — like the 
induction period  — is also commonly described by its rate-limiting step, that is, the 
growth of the precipitated nuclei. At approximately 12 h of hydration, when the main 
hydration peak reaches a maximum heat flow rate, the deceleration period  — a period of 
decreasing reaction rates, which is indicative of another change in the rate-limiting step 
— begins. The initiation of the deceleration period  is somewhat debated within the 
literature, with most thinking this fourth period of hydration is initiated or, rather, rate- 
limited by one of three mechanisms: impingement, limited ion-diffusion — which is only 
thought to occur after all reactive surface sites are filled —, or limited dissolution [15,62­
68]. There is some evidence in the literature against impingent and ion-diffusion as the 
rate-limiting steps during the deceleration period. It should be stated that the literature 
was, at one point, in agreement that impingement — both lateral and perpendicular — 
was the underlying mechanism that led the transition from the acceleration to the 
deceleration period, until several published micrographs were brought to the forefront, 
showing, the C-S-H in a “loosely packed” state (that is, not at an observable state of
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impingement) at 12 h of hydration [69-71], approximately at the time of occurrence of 
the main hydration peak.
1.5. A REVIEW OF NUMERICAL KINETIC-BASED MODELS IN THE 
CONTEXT OF CEMENT HYDRATION
As eluded to above, experimental isothermal calorimetry, heat-evolution results 
can be used to observe kinetic phenomena in cementitious systems, which are used to 
predict hydration and microstructural development of cement systems, typically by 
numerical kinetic models described in the literature [3,61,72-74]. The following text 
briefly summarizes kinetic models as they have been applied to cementitious systems in 
the past. The most famous numerical kinetic work established in the past century was by 
William A. Johnson and Robert F. Mehl [75], Melvin Avrami [76-78], and Andrey N. 
Kolmogorov [79], whose collective work is commonly denoted as JMAK kinetics. 
However, JMAK kinetics yielded relatively poor fits for cementitious systems [80-87], 
largely due to the mismatched assumptions established for JMAK compared to hydration 
of cement. That is, JMAK kinetics operated under the assumption of random nucleation 
occurring homogeneously over the total untransformed material of the given system and 
growth occurs independently and an isotropic fashion. However, as stated above, C-S-H 
grows heterogeneously in a needle-like manner [88-90]. As a result, Cahn’s boundary 
nucleation and growth (pBNG) model, which assumes a constant nucleation rate and 
constant, isoptropic growth rate, where, nuclei form on in a random, heterogeneous 
fashion was adopted to model cementitious hydration [16]. Cahn’s later work [91] and 
work by Villa and Rios [92] has served as inspiration for the more recent confined
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growth models that have been used to predict hydration for cementitious systems, which 
are discussed in a later paragraph [3].
Several follow-up studies [16,17,93-97] have been published in the literature that 
expand upon the work of Cahn [98] adapted by Thomas [16], and are sometimes referred 
to as phase boundary nucleation and growth (pBNG) models within the literature. In 
these models [16,17,93-97], a single product (encompassing both calcium silicate 
hydrate and calcium hydroxide) of constant density is assumed to form on cement 
particulate boundaries at a given nucleation event. As the product grows outward, pore 
space is consumed, both lateral and perpendicular impingement is assumed to occur and 
thought to lead to the deceleration period. Numerical models, based on these assumptions 
and diffusion-limited kinetics at later ages, have been used to fit the hydration rates of 
cementitious systems with some success [16,17,34,40,93-97]. However, Bullard [64] and 
Bullard et al. [65] presented simulated evidence, that impingement might not be the 
mechanisms triggering the switch between the acceleration to deceleration period, that 
is, there is evidence of perpendicular, but not lateral impingement — supported by 
micrographs [69-71], as stated above —, leading to doubt in the ion-diffusion layer 
theory and backing of limited dissolution as the rate-limiting step during the deceleration 
period  in the literature [66,99,100].
Further literature, sought to challenge the limitation of BNG models in the context 
of current knowledge of hydration of cementitious systems. For instance, Cahn’s older 
work is limited by the assumptions of static interfaces and isotropic growth rates (albeit, 
in various geometries, similar to JMAK kinetics), however adaptations of Cahn’s more 
recent work [91] has allowed for confined growth, that is, a designated zone in time and
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space in the cited studies [73,101-106] is allotted for the calcium silicate hydrate phase to 
grow once nucleated. It’s known that as the cement hydration reaction progresses, 
dissolution causes the boundary of the reacting cement particles to move inward and 
consequently, the formation of hydrates can occur outside and also, after some time, 
inside of the original grain boundary (as can be viewed via micrographs here [70] and 
described here [107]). As a result, confined growth models have been adapted to model 
the unsymmetrical fashion in which the calcium silicate hydrate phase has been observed 
to grow into and out towards the pore solution of the original anhydrous boundary, pre­
wetting, but also adapted in studies where the focus is placed on the structure formation 
of the calcium silicate hydrate phase. The later models are often referred to as sheet or 
needle growth models in the literature and are referenced here [73,101-103,106]. Though 
confined growth, has become a prevalent approach to modeling cement hydration 
kinetics, other researchers champion a modified version of the pBNG 
approach[4,38,41,50,72,108]. In this model, the lateral and outward growth rates are 
temporally varied to relate the evolution in saturation of the pore solution with C-S-H’s 
evolving growth rates. This model also employs a 2-step optimization procedure, which 
optimizes functional forms of the outward growth rate, allowing for an evolving outward 
growth rate as a function of time. The modified pBNG model takes a slightly different 
approach to the confined growth models, but both are in agreement with dissolution as 
the rate-limiting step during the deceleration period.
The previous text is not meant to interject that one model or group of models vs. 
others is right or wrong or, further, that specifics of various mechanistic-based hydration 
theories are correct or incorrect, rather the text is meant to highlight the ambiguity in the
true kinetically rate-limiting steps at various points during the cement hydration process 
and the consequently developed numerical kinetic models. Models such as these, seek to 
understand the basic, underlying mechanisms behind a reaction, in this case the hydration 
or setting process of a cementitious system, and though progress has been made in the 
past decade, there is most likely over another decade or more of work to be completed 
until this work can be scaled in terms of holistic, in-field performance, that is, before 
kinetic models can be directly linked to fresh properties.
1.6. ORGANIZATION OF DISSERTATION
The introduction (i.e., Section 1.) outlining relevant background information 
pertaining to the research objectives (i.e., Sections 1.1.) has been given to provide the 
necessary context for readers unfamiliar with the dissertation topic. This thesis document 
is comprised of seven papers that have already been published, submitted, or prepared for 
publication.
Paper I through IV explores hydration of OPC, P-C2S, and C3S by means of 
physical experiments in conjunction with either a numerical-based kinetic or 
thermodynamic approach.
• Paper I provides an explanation as to why hydration rates of an OPC system are 
negligibly effected by varying water-to-cement ratios in dilute systems by 
utilizing isothermal calorimetry techniques and the modified pBNG model.
• Paper II serves as a re-exploration of the hydration of P-C2S with modern 
techniques, while also providing values for thermodynamic parameters — water
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activity (aH) and solubility product constant of P-C2 S (KCzS) — for the first time, 
using an established thermodynamic approach.
• Paper III explores the combined effect of varying PCE molecular structure and 
dosages — referred to within the paper as the composite architectural parameter 
(Ppce) — on C3 S hydration rates through physical and the kinetic-based pBNG 
model.
• Paper IV investigates the effect of various sized-classified filler types — 
limestone, quartz, rutile, and corundum — on early C3 S hydration through 
physical and the kinetic-based pBNG model.
Paper V through VII take a slightly different approach compared to the above 
papers. The above papers approach the research objectives with a traditional thermo­
kinetic fundamental approach, while the below papers take a more “engineering” 
approach. More specifically, the above papers investigate the effect of a varying 
parameter in simple systems to elucidate understanding of fundamental mechanisms. As a 
system becomes increasingly complicated (i.e., to the degree that a given OPC-based 
system is complicated), execution of a thermo-kinetic model becomes increasingly 
difficult. Therefore, to obtain rapid and reliable predictions for systems with multiple 
components, an alternative computational technique is proposed — machine learning 
(ML), an artificially intelligent technique, ideal for the multivariable systems that are 
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ABSTRACT
The hydration of cement is often modeled as a phase boundary nucleation and 
growth (pBNG) process. Classical pBNG models, based on the use of isotropic and 
constant growth rate of the main hydrate, that is, calcium-silicate-hydrate (C-S-H), are 
unable to explain the lack of any significant effect of the water-to-cement (w/c) ratio on 
the hydration kinetics of cement. This paper presents a modified form of the pBNG 
model, in which the anisotropic growth of C-S-H  is allowed to vary in relation to the 
nonlinear evolution of its supersaturation in solution. Results show that once the 
supercritical C -S- H nuclei form, their growth remains confined within a region in 
proximity to the cement particles. This is hypothesized to be a manifestation of the 
sedimentation of cement particles, which imposes a space constraint for C-S-H  growth.
In pastes wherein the sedimentation of cement particles is disrupted, the hydration 
kinetics are no longer unresponsive to changes in w/c. Unlike C-S-H, the ions in 
solution are not confined, and hence, the supersaturation-dependent growth rate of 
C-S-H diminishes monotonically with increasing w/c. Overall, the outcomes of this 
work highlight important aspects that need to be considered in employing pBNG models 
for simulating hydration of cement-based systems.
Keywords: Cement; Hydration; Kinetics; Nucleation and Growth; Supersaturation.
1. INTRODUCTION
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The reaction between cement and water, that is, hydration, involves dissolution of 
the anhydrous phases concomitant with precipitation of the hydration products 
(subsequently referred to as hydrates). Extensive research has been devoted to study the 
kinetics of cement hydration, as it principally dictates the development of the 
microstructure and the consequent evolution of both fresh (e.g., workability and time of 
set) and hardened properties (e.g., the rate/extent of strength development) of concrete. 
[1-3] It is widely accepted [1,2,4-6] that the early stage of cement hydration is driven by 
the nucleation and growth [7-10] of the main hydration product, that is, calcium- 
silicate-hydrate [1,5,11-13] (C-S-H, as per cement chemistry notation: C = CaO, S = 
SiO2, H = H2O, A = Al2O3, and F = Fe2O3); although, it is worth mentioning that in some 
studies, [14,15] it has been argued that kinetics of cement hydration is controlled by 
dissolution of the phases present in cement. In a typical plain cement paste (i.e., cement + 
water), C-S-H  nucleates heterogeneously on the solid-phase boundaries, that is, surfaces
of cement particles, and therefore, the mechanism of its formation is usually termed as 
phase boundary nucleation and growth (pBNG). As hydration progresses, the percolation 
of the overlapping layers of C -S- H binds the paste cohesively and leads to setting and 
subsequent development of mechanical properties. [5,11,16,17] Akin to pBNG processes 
occurring in metallic systems (e.g., solidification of metal), [18,19] the temporal 
evolution of cement hydration rate, as monitored using isothermal calorimetry 
techniques, comprises a characteristic reaction rate peak (i.e., the main hydration peak) 
up to which the rate of reaction accelerates and beyond which it declines. [1,13]
Several numerical models based on the pBNG mechanism have been developed to 
reproduce the experimental measurements of cement hydration rates.
[5,6,11,12,16,20,21] In these models, a single product of constant density is assumed to 
form heterogeneously on solid phase boundaries at a given nucleation event, and its 
subsequent growth into the contiguous capillary pore space is treated as the rate­
controlling mechanism. As the product fills up the capillary pore space, impingements 
between product nuclei, growing on the same or adjacent anhydrous particles, become 
increasingly dominant and ultimately cause a deceleration in the overall hydration rate. 
Numerical models, based on this premise and some additional assumptions (e.g., 
spherical or needlelike geometry of the product, diffusion-limited kinetics at later ages, 
and timedependent growth of C-S-H) have successfully been used to fit the hydration 
rates of cementitious systems. [5,6,12,16,20-24] These fits are typically obtained by 
iteratively varying relevant pBNG parameters (e.g., nucleation site frequency and product 
growth rate) to minimize the deviation between numerical and experimental hydration 
rates. However, as pointed out, [6,22,25] the parameters derived from such a fitting can
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be misleading as some underlying assumptions of the classical pBNG mechanism do not 
necessarily represent the physics of C-S-H  nucleation and growth accurately. More 
specifically, the assumptions of (a) isotropic (i.e., spherical) growth of the product does 
not represent the experimentally observed needlelike geometry of C-S-H  growth at early 
ages, [26-28] (b) the constant rate of product growth does not comply with the time- 
dependent variation of its supersaturation in the solution, [13,22,27,29,30] and (c) 
unconstrained formation of the product throughout the capillary pore space fails to 
explain the lack of any significant effect of the water-to-cement ratio ( w/c mass basis) on 
the hydration kinetics of cement. [16,31,32] The last point is the main focus of this study 
and is described in further detail below.
Past studies [12,16,31] have shown that the early age (i.e., up to 24 h) hydration 
kinetics of cement are broadly unaffected by the w/c of the system. However, in pBNG 
models, [6,16,25,32] an increase in w/c implies a decrease in the area of the substrate per 
unit volume of the paste, which in turn affects the rate of formation of C-S-H  and thus 
the overall hydration kinetics. Specifically, with increasing w/c, whereas impingements 
between C-S-H nuclei growing on the same particle remain broadly unaffected (i.e., 
assuming the same nucleation density of C-S-H), impingements between C-S-H  layers 
growing on adjacent cement particles are fewer because of larger spacing between them. 
As a result, pBNG models predict a dependency of the hydration rate on w/c, unlike what 
is observed in experiments. [12,16,31] These contradictions between experimentally 
observed hydration rates and predictions of the pBNG model, including ones that involve 
the implementation of the nucleation and densifying growth theory (i.e., time-dependent 
densification of C-S-H), [5,16,33] are highlighted in the work of Kirby and Biernacki.
[31] In a recent study, Masoero et al. [34] proposed a reaction zone hypothesis to 
reconcile the aforementioned contradictions. The authors proposed that during the early 
hydration period, C-S-H  grows exclusively within regions close to surfaces of the 
reactant particles; these regions collectively were designated as the reaction zone. Within 
the reaction zone, as the amount of C-S-H increases with hydration, growing 
impingements between C-S-H  nuclei causes deceleration of the hydration rate, all while 
abundant capillary pore space remains unoccupied outside of the reaction zone. The 
hypothesis provides novel and significant insights and, more importantly, explains the 
mechanisms driving the deceleration of the hydration rate beyond the main hydration 
peak in high w/c systems. However, the assumption of the growth rate of C-S-H  being 
constant throughout the process of hydration, as used in the study, [34] is inconsistent 
with recent studies that clearly show a temporal decline of C-S-H supersaturation (i.e., 
driving force for the growth of C-S-H) in solution. [22,27,29,30] In addition, Masoero et 
al. [34] assumed the growth of C-S-H  to occur at equivalent rates in all directions. This 
assumption has implications not just on the geometry of C-S-H  nuclei but also on the 
overall rate of hydration. Scherer et al. [6,28] noted that at early stages of cement 
hydration, the growth of C-S-H  occurs in a highly anisotropic manner. Specifically, the 
growth rate of C-S-H in the direction normal to and away from the substrate is higher 
than its growth rate in the direction parallel to the substrate. This theory of anisotropic 
growth of C-S-H  gains support from recent microscopic observations of the geometry of 
C-S-H growth. [26-28] Assuming isotropic growth of C-S-H also results in greater 
impingements of its nuclei and, thus, a faster approach to the main hydration peak. [6,25] 
As a result of these discrepancies between experiments and assumptions made within the
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model presented in ref [34], the pBNG parameters derived from the simulations are 
difficult to interpret. As examples, the predictions of (i) significantly higher nucleation 
density of C-S-H in C3 S (i.e., tricalcium silicate, the major phase in cement constituting 
50-70% of its mass [3]) suspensions (i.e., w/ c = 50) as compared to that in pastes (i.e., 
w/c = 0.40) [34] are difficult to reconcile considering that the critical supersaturation at 
which nucleation of C-S-H  occurs should be independent of the w/c, [5,22,35] and (ii) 
the smaller size of the reaction zone in suspensions as compared to that in pastes [34] is 
counterintuitive, considering that the capillary pore space increases with increasing w/c, 
thus allowing C-S-H to grow more freely. To resolve these inconsistencies and to better 
explain the role of w/c on the mechanisms of cement hydration, further refinement of the 
pBNG model is needed. Such refinements need to be based on observations from 
experiments reported in various recent studies. [26,27]
This study employs a combination of experiments and computer simulations to 
elucidate the effect of w/c on the early age hydration kinetics of cement. Isothermal 
microcalorimetry is used to measure the hydration rates of cementitious systems across a 
wide range of w/c, including both pastes and suspensions. A pBNG model, incorporating 
a modification of the reaction zone hypothesis and allowing anisotropic and time- 
dependent growth rate of the hydrate, is developed and tested against experiments.
Results obtained are used to describe the mechanisms that drive the progress of 
nucleation and growth of the C-S-H in such systems. The outcomes provide new 
understanding and quantification of rate controls of cement hydration and highlight 
important aspects pertaining to pBNG processes that need to be considered in the 
development of numerical pBNG models.
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2. MATERIALS AND METHODS
2.1. MATERIALS
A commercially available type I ordinary Portland cement with an estimated 
crystalline phase composition of 61% C3 S, 8% C2 S, 6% C3A, 9% C4AF, and 3.4% of 
gypsum (CaSO4 '2H2O) was used in this study. Further details pertaining to the chemical 
composition of cement — as obtained using a combination of X-ray fluorescence and 
quantitative X-ray diffraction (XRD) methods — are provided in the Supporting 
Information in the corresponding publication. The cement, as received from the supplier, 
was ground using a ring grinder to generate two different PSDs. In the subsequent 
discussions, the “as-received” and ground cements are referred to as coarse and fine 
cements, respectively. The PSDs of the cements, shown in Figure 1, were measured using 
a Beckman Coulter static light scattering (SLS) analyzer (LS13-320) using a 750 nm 
laser source that is incident on a dilute suspension of powder particles in isopropyl 
alcohol, dispersed by ultrasonication. The median particle sizes (d5 0 , pm) of the PSDs of 
the coarse and fine cements were determined as 15.55 and 9.23 pm, respectively. By 
factoring the bulk density (i.e., 3150 kg. m-3, as measured using a pycnometer), the total 
SSA (m2 . kg-1) of the coarse and fine cements were calculated from the PSDs as 196 and 
441 m2 . kg-1, respectively. XRD patterns were obtained for the coarse and fine cements, 
and based on the results, it was confirmed that there was no change in the cement’s 
composition as a result of the grinding.
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2.2. METHODS
2.2.1. Experimental Work. To study the effects of the water content, cement + 
water mixtures were prepared at different w/c (mass basis) ranging from 0.45 to 10. Low 
and high w/c cementitious mixtures are typically described as paste and suspension, 
respectively. However, as the limiting w/c beyond which a mixture ceases to be a paste 
(or becomes a suspension) is not well-known, in this paper, all mixtures are referred to as 
pastes. It should be noted that all pastes included in this study are water-rich, as their w/c 
exceeds the critical value of 0.42 (i.e., minimum w/c needed for complete hydration of 
cement). [36,37] The rate and extent of hydration were monitored up to 24 h after mixing 
using a TAM IV isothermal conduction microcalorimeter programmed to maintain the 
sample at a constant temperature of 20 ± 0.1 °C. Compared to conventional methods of 
reactivity assessment (e.g., isothermal calorimetry), microcalorimetry methods are 
considered more accurate as they allow quantification of the heat flow rate of the reaction 
at a very high resolution (10-7 J/s), which enables monitoring the dissolution of 
compounds even at high dilutions. [13,38,39] The titration cell (maximum diameter =
1.25 cm) of the microcalorimeter is fitted with an electrically driven agitator, which 
allows in situ mixing of hydrating pastes prepared at high w/c. However, with the 
exception of selected experiments (which are identified in the text), heat evolution 
profiles of all pastes discussed in this paper were obtained without the use of the agitator. 
In situ mixing was purposely avoided for two reasons: (i) to mimic practical concrete 
mixing protocols, which are also devoid of in situ mixing and (ii) to maintain consistent 
protocols across experiments, as in situ mixing cannot be applied to low w/c pastes. The 
cumulative and differential heat release obtained from calorimetry experiments were
normalized by the enthalpy of cement hydration (as calculated from mass fractions and 
enthalpy of individual phases [5]), 472 J. gc e m e n t-1, to determine the extent of hydration 
[13,16] (i.e., degree of hydration, a, expressed as the fraction of cement reacted) and the 
rate of hydration (i.e., da/dt, h-1) of cement, respectively, as functions of time. This 
method of derivation of a and da/dt is based on the assumption that the measured heat 
release is solely on account of cement hydration. In addition to monitoring the evolution 
of heat linked to hydration, the evolutions of the electrical conductivity and pH of the 
pore solution of the pastes were measured at discrete time steps between mixing and 48 h 
of hydration. These measurements were carried out using a HI5522 electric conductivity 
and pH meter with the HI76312 and HI1131 probes, respectively. Samples used for these 
measurements were prepared using the same protocols as those for calorimetry 
experiments.
A Netzsch STA 409 PC thermogravimetric analyzer was used to identify and 
measure the quantities of phases present at different hydration times. Toward this, the 
mass loss (thermogravimetry) and the differential mass loss (DTG) traces were processed 
to quantify the degree of hydration and phase contents, that is, loss on ignition, 
evaporable and nonevaporable water, portlandite, and calcite (if any may have formed 
because of carbonation of calcium-rich phases). For these quantifications (i.e., a and 
phase contents), well established methods detailed in prior studies [40,41] were used.
2.2.2. Phase Boundary Nucleation and Growth (pBNG) Model. A modified 
pBNG formulation is applied to describe the effects of w/c on the hydration kinetics of 
cement. The cement used in our study is composed of four phases (C3 S, C2 S, C3A, and 
C4AF), all of which react with water simultaneously, though at different rates. [1] C2 S
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and C4AF have low intrinsic dissolution rates and, hence, do not release substantial 
amounts of heat at early ages.[1,6,14] In contrast to these phases, the reaction of C3A 
with water and aqueous SO4 2 - ions (i.e., resulting from the dissolution of gypsum) is 
rapid; this causes nucleation of ettringite crystals within the first few minutes of mixing.
[42.43] Nonetheless, after the initial nucleation burst, ettringite subsequently grows at a 
very slow (and near constant) rate for the next few hours, thus releasing little heat.
[42.44] As such, in pBNG models applied to cement pastes, [6,11,12,16,25,45] including 
the model used herein, early age kinetics of cement hydration is assumed to be dominated 
by hydration of the C3 S phase. The same assumption implies that during the early stages 
of cement hydration, the major products in the cement paste are C-S-H  and CH, both of 
which form in stoichiometric amounts in relation to the amount of hydrated C3 S. On the 
basis of these assumptions, in pBNG models, a single product of constant density (i.e., 
combining the bulk density of CH and C-S-H phases) is assumed to form at a given 
nucleation event, and its subsequent growth on solid-phase substrate boundaries (i.e., 
cement surfaces) is treated as the rate-controlling mechanism that drives the kinetics 
during the early ages of cement hydration. This assumption is referred to as the site 
saturation condition, implying that the growth of the product phase begins from a fixed 
number of nuclei that form at very early ages (i.e., at time = t h), and no further nuclei are 
permitted to form after this very initial nucleation burst [46,47] (i.e., nucleation rate = 0 
gm-2 h-1). On the basis of these criteria, at any given time t (h), the volume fraction of the 
reactants (i.e., C3 S and water) transformed to product [X(t), unitless: volume of product 
divided by the total initial volume of the paste] is given by Equation 1. [13,22,25,35,48]
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In Equation 1, FD is the f-Dawson function, expressed as an integral (Equation 2). 
The variable ks (h-1) is related to the reciprocal of time required by the product nuclei to 
provide complete coverage of anhydrous cement particles. [6,25] The value of ks depends 
on the product’s nucleation density (Id e n s ity, units of pm-2), that is, the number of total 
supercritical nuclei produced per unit surface area of cement as well as on the geometry 
and rate of their growth (Equation 3). In the model presented in this study, the growth of 
the product is assumed to occur in an anisotropic fashion while varying with respect to 
time. Go u t(t) (pm. h-1) is the outward growth rate of the product, representing the direction 
normal to and away from the substrate (i.e., surfaces of cement particles). Gp a r(t) (pm. h-1) 
is the growth rate in a lateral direction, that is, along the two-dimensional (2D) plane 
parallel to the boundary of the substrate. Along this 2D plane, the growth rate is assumed 
to be isotropic. The introduction of a time dependency on the product growth rate is a 
digression from the classical form of pBNG, which assumes the growth rate to remain 
constant throughout the hydration process. This is based on an implementation originally 
formulated by Bullard et al. [22] and subsequently adopted by Oey et al., [35] Meng et 
al., [13] and Lapeyre and Kumar [48] to capture the temporal variation in the growth rate 
of C-S-H, as its supersaturation in the solution varies nonlinearly with time. As both the 
outward (Go u t) and parallel (Gp a r) growth rates vary with time, a constant 2:1 ratio for 
Go u t/Gp a r  is assumed, such that the anisotropy factor, that is, g (unitless) in Equation 4, is 
0.25 throughout the hydration process. This relationship between Go u t and Gp a r  represents
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the anisotropic growth of needlelike domains of the product [6,25] and is in good 
agreement with recent experimental data of the geometry of C-S-H growth at early ages.
[26-28,30]
i
ks = Gout(t)- g- density)2
g =




In Equation 1, the variable kG  (h-1) is related to the reciprocal of time required for 
the product to fill the capillary pore space. The value of kG  depends on the product’s 
outward growth rate (Go u t) as well as on the constant rG  (unitless), which represents the 
ratio of the growth rate into and out of the substrate in the normal direction (Equation 5). 
In their study, Scherer et al. [6,25] noted that at early ages of hydration, hydrates do not 
penetrate the cement particles, and therefore, m ~ 0.50. This is because at early ages, the 
ionic species, that is, H3 SiO4 -/H2 SiO4 2 -, CaOH+/Ca2 + , and OH-, responsible for the 
precipitation of C-S-H  transport predominantly from the substrate’s surface toward the 
contiguous solution while showing little movement through the product in the reverse 
direction. [6] Therefore, in all simulations presented in this study, the value of m was 
assumed to be constant at 0.50. Another important parameter that dictates the value of kG , 
and thus the kinetics of hydration, is the boundary area of the substrate per unit volume of 
the reaction vessel (aB V , gm-1) (Equations 5 and 6). Here, the area of the substrate is 
simply the initial total surface area of the cement particles. The definition of the reaction 
vessel, however, differs among different studies. Thomas [12] defined the reaction vessel 
as the space required by hydrates when the hydration of cement is complete (i.e., a = 1), 
thus rendering the volume of the reaction vessel, and consequently aB V , independent of
the w/c ratio. As per this definition, the reaction vessel’s volume is set at its minimum 
value, just enough to accommodate the hydrates. In several subsequent studies, 
[5,6,13,25,32,35] however, the reaction vessel’s volume was set at its maximum 
allowable value, that is, equal to the volume of the paste. On the basis of this definition, 
aB V  changes in response to changes in w/c, and the implication is that the hydrates are 
allowed to grow throughout the capillary pore space until either it is fully occupied or the 
hydration of cement is complete. As different definitions of aB V  exist in the literature, in 
this study, a modified definition has been used that allows the volume of the reaction 
vessel to vary between the minimum and maximum allowable values (Equation 6). In 
Equation 6, p is the density (water = 1000 kg. m-3 and cement = 3150 kg. m-3), and 
SSAc e m  (m2 . kg-1) is the specific surface area of cement particles. The parameter pf  
(unitless) acts as a free variable used in the simulations to represent the reactive paste 
fraction, that is, the fraction of the paste’s volume within which the formation of hydrates 
occurs. When pf  = 1, the entire volume of the paste acts as the reaction vessel, whereas 
for fractional values of pf , the volume of the reaction vessel is smaller than that of the 
paste. In such cases (i.e., pf  < 1), the amount of water contained within the reaction vessel 
is smaller than the amount of water added to the paste, though all of the solid phases (i.e., 
anhydrous cement particles and hydrates) are assumed to be bounded within the reaction 
vessel. By accounting for the excess water (i.e., water outside of the reaction vessel), the 
w/c ratio of the reaction vessel (w/crv, by mass) can be calculated from Equation 7.
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The volume fraction of the product [X(t)], as calculated from Equation 1, and the 
degree of hydration (a, unitless) of cement are related by a constant B (unitless) 
[13,22,35] described in Equation 8a:
a(t) — B.X(t) (8a)
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where, p products is the bulk density of combined hydration products (assumed to 
be 2070 kg. m-3), [49,50] and the parameter c = -7.04 x 10-5 m3 . kg-1 represents the 
chemical shrinkage per kilogram of cement that is consumed over the course of its 
hydration. [51] On the basis of the scheme described above, measured hydration rates can 
be simulated using the pBNG model by varying three parameters: Go u t(t), Id e n s ity , and pf . 
Of the three parameters, Id e n s ity  and pf  are constants with respect to time, whereas Go u t(t) 
varies with respect to time. Therefore, to obtain the optimum values (i.e., of Id e n s ity  and pf  
or functional forms (i.e., of Go u t(t)) of these parameters for a given system, a 
Nelder-Mead-based simplex algorithm [35,52,53] that uses derivative-free and nonlinear 
optimization principles is employed in two steps. In the first step, the value of Go u t is kept 
constant throughout the 24 h of cement hydration and fixed at 0.075 pm. h-1 for all
systems. Similar values of Go u t have been reported in a prior study [26] based on 
scanning transmission electron microscopy (STEM) analyses of early age hydration of 
impure C3S. The simplex algorithm then iteratively varies Id e n s ity  and pf , within 
predefined bounds (i.e., 0.1 pm-2 < Id e n s ity  < 1000 p-2, and 0.0 < pf  < 1.0), until the 
magnitude of the difference between the simulated and measured rates of product 
formation — expressed as dX/dt, or the derivative of Equation 1, for each paste is 
minimized. It is pointed out that within the first step, the model represents the classical 
pBNG formulation, [12] wherein the anisotropic growth of the product nucleating at a 
virtual time t (h) is kept constant throughout the hydration process. Past studies, 
[13,22,35,48] however, have shown that such classical pBNG models are unable to 
capture the decline in the growth rate of the product as its supersaturation in the solution 
declines with time. Therefore, to account for the time-dependent variation in the growth 
rate, a second simulation step is employed. Here, at any given time t, the optimum values 
of Id e n s ity  and pf  yielded from the first step are used as constants, whereas Go u t  is allowed 
to vary iteratively within the bounds of 10-4 -to-102 pm. h-1 to minimize the deviation 
between the simulated and measured hydration rates for each paste. When the simplex 
algorithm converges, the value of Go u t is taken to be the optimum value at that time. The 
optimum values of Go u t for the entire duration of cement hydration are thus determined 
by implementing such an optimization process over the first 24 h of hydration using a 
time step of 0.05 h. The time-dependent Go u t, obtained as such, mimics the growth of the 




3. RESULTS AND DISCUSSION
To study the effect of w/c on the hydration mechanisms of cement, the kinetics of 
hydration of two different particle size distributions (PSDs: see Figure 1) of the same 
cement (i.e., of the same composition) were determined. Figure 2 shows representative 
heat evolution profiles of pastes prepared using the coarse cement at different w/c ratios. 
As can be seen, despite significant differences in water contents (i.e., 58.64 and 96.93%v o l  
of water in pastes prepared at w/c of 0.45 and 10, respectively), the kinetics and degree of 
cement hydration within the first 24 h are broadly similar across all pastes. The lack of 
any significant effect of w/c was also observed for pastes prepared with the fine cement 
(Figure 3). These results are in good agreement with those reported in prior studies. 
[12,16,31] Upon comparing the heat evolution profiles of pastes prepared with fine and 
coarse cements, faster hydration kinetics was noted for the former (Figure 3c). This 
enhancement in hydration of the fine cement is highlighted as the leftward shift of the 
heat evolution profile and a higher heat flow rate at the main hydration peak and can be 
attributed to the higher SSA of its particles, [5,16,54-56] which enhances the number 
density of topological dissolution sites as well as sites for heterogeneous nucleation of 
hydrates. It should be pointed out that these enhancements in hydration rates of the fine 
cement are smaller in relation to the augmentation in the SSA of its particles with respect 
to those of the coarse cement (e.g., 72% increment in the heat flow rate at the peak vis-a­
vis 125% increment in SSA). This suggests a nonlinear relationship between reactivity 
enhancements and surface area increments. On the basis of these results as well as those
reported in prior studies, [13,16,56] it is hypothesized that improvements in reactivity are
realizable only up to a threshold level of particulate fineness. Beyond this threshold, 
reactivity enhancements decline due to agglomeration of the finer particles, which 
renders a fraction of their surface area unavailable for reaction. [13,16,56] It is clarified, 
however, that the aforementioned loss in the surface area is not responsible for the 
apparent insensitivity to w/c.
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Figure 1. The PSDs of the “as-received” (coarse) and ground (fine) cement as 
measured using SLS methods. The largest uncertainty in the median diameter (d50, pm) 
of the powders based on six replicate measurements, was ±6%.
Figures 2 and 3 qualitatively show the influence of w/c and cement fineness on 
the hydration kinetics of cement. To obtain quantitative information, portlandite contents 
of the pastes and the degree of hydration of cement after 24 h of hydration were 
determined using differential thermogravimetry (DTG) [40] and calorimetry methods 
(Figure 4). As can be seen, across all w/c, portlandite contents are broadly similar, 
provided that the fineness of the cement does not change. Pastes prepared with the finer 
cement have higher portlandite contents compared to their coarser cement counterparts.
This is attributed to the higher degree of hydration of the finer cement (Figure 4b). Past 
studies, based on microstructural investigation,[34,57,58] have shown that the 
precipitation of portlandite occurs homogenously in the capillary pore space. This would 
imply that an increment in the capillary pore volume would facilitate the formation of 
portlandite. However, the equivalency in portlandite contents across pastes prepared at 
different w/c ratios suggests that the rate controlling factor for the precipitation of 
portlandite is not the volume of capillary pores, but rather the rate of cement hydration, 
which, in turn, is driven by the nucleation and growth of C-S-H.
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(a) (b) (c)
Figure 2. Isothermal microcalorimetry based determinations of (a) heat flow rates, and
(b) cumulative heat release of pastes prepared using the coarse cement at different w/c.
(c) shows the repeatability of heat flow rate determinations for a representative system. 
Similar analyses conducted on multiple pastes reveal that the uncertainty in the heat
flow rate is within ±2%.
The heat evolution profiles (Figures 2 and 3) and the results obtained from DTG 
analyses (Figure 4) show that the rates of cement hydration and C-S-H  precipitation are 
independent of the w/c and, therefore, the availability of space in the microstructural 
volume (i.e., capillary pore space). To quantify the evolution of the unoccupied space in 
the microstructure (i.e., capillary porosity) as a function of the degree of hydration of
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cement, the Powers model [36,37] was used. The results obtained from the Powers model 
(Figure 5 a) clearly show that at the degree of hydration corresponding to the time of 
occurrence of the main hydration peak (i.e., a = 0.13, obtained by averaging values of a 
determined from calorimetry profiles of pastes prepared using the coarse cement at 
different w/c ratios), there is plenty of space available in the microstructural volume, 
even in pastes prepared at a low w/c. For example, in pastes prepared at w/c of 0.45 and 
10, capillary pores comprise of 52.1 and 96.3% of the paste’s volume, when a = 0.13.
The decline in the hydration rate, after the main hydration peak, in spite of the abundance 
in space cannot be explained solely on account of impingements between C-S-H  nuclei 
growing on cement particle surfaces. To illustrate this point, virtual microstructures of 
pastes generated by a three-dimensional (3D) microstructural model [5,16,33,48,59-62] 
are shown (Figures 5b and 5c). In these simulations, C-S-H and other hydrates (e.g., 
portlandite), precipitating as a result of cement hydration, are allowed to grow 
heterogeneously on cement particle surfaces and homogeneously in the pore space, 
respectively. As can be seen in Figures 5b and 5c, at the main hydration peak, although 
C-S-H nuclei provide partial coverage of the cement particles, impingements between 
C-S-H layers growing on neighboring particles are insignificant, especially in high w/c 
pastes. Therefore, mechanisms other than the impingements between C-S-H  nuclei are 
responsible for deceleration of the hydration rate of cement in pastes.
To further investigate the role of w/c on cement hydration, measured hydration 
rates of pastes were simulated using the pBNG model. As can be seen in Figure 6, 
through the evaluation of optimum values of the outward growth rate of the product 
(Go u t(t)), the product nucleation density (Id e n s ity), and the reactive fraction of the paste (pf ),
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the model is able to reproduce the experimental results. The variations in these simulation 
parameters are analyzed below to describe the alterations in the nucleation and growth 
process in relation to the initial process parameters, that is, w/c and cement fineness.
(a) (b) (c)
Figure 3. Isothermal microcalorimetry based determinations of (a) heat flow rates, and 
(b) cumulative heat release of pastes prepared using the fine cement at different w/c. 
(c) Comparison of heat flow rates of pastes prepared at equivalent w/c using cements of
different fineness.
(c)
Figure 4. (a) Portlandite mass contents (as mass percent of the binder) and (b) degree of 
hydration of cement (a) after 24 h of hydration in pastes prepared at different w/c, as 
determined from DTG analyses. (c) Comparison between a as calculated from 
microcalorimetry and DTG methods. The dashed lines represent ±2.5% bounds. The 




Figure 5. (a) Correlation between capillary porosity and degree of hydration (a) in 
pastes prepared at different w/c. In these calculations, a is provided as an input, and the 
corresponding capillary porosity is calculated based on the phase assemblages 
predicted by the Powers model [36,37]. The solid vertical line indicates the average 
value of a of all pastes, prepared using the coarse cement, at the main hydration peak. 
3D virtual microstructures of cement pastes prepared using the coarse cement at (b) 
w/c = 0.45 and (c) w/c = 10 when a = 0.13 (i.e., at the main hydration peak). The 
anhydrous cement particles (red) are packed as randomly dispersed spheres within the 
cubic representative elementary volume (size = 100 pm3). As cement reacts with water, 
C-S-H (blue) and other hydrates (green) are allowed to grow heterogeneously on 
cement surfaces and homogeneously in the pore space, respectively. See Supporting 
Information in the corresponding publication for further details pertaining to the
simulations.
As stated previously, within the pBNG framework, simulations are employed in 
two steps. In the first step, optimum values of Id e n s ity  and pf  are determined, and in the 
second step, the optimum function form of Go u t(t) is determined. On the basis of the 
optimizations, it was found that Id e n s ity  is 3.50 ± 0.08 pm-2 for all pastes, regardless of the 
w/c ratio and the SSA of cement. This value of Id e n s ity  is within the same order of 
magnitude of values reported in previous studies involving pBNG simulations of cement- 
based systems [6,13,16,34,35] as well as those determined from STEM analyses of early 
age hydration of impure C3 S. [26] Minor differences in the values of Id e n s ity  between this 
study and those derived from other pBNG models [6,13,34,35,59] can be attributed to 
multiple factors including differences in the cement composition and assumptions
involving the nature of growth of the product [6] (e.g., anisotropy factor). As examples, 
in the simulations presented in this study, (i) changing the value of m from 0.5 (i.e., 
penetration of hydrate into the substrate grain is not permitted) to 1.0 (i.e., penetration of 
hydrate into the substrate is permitted) would necessitate a decrease in Id e n s ity  [6,25] from 
-3.50 to -1.62 pm-2 and (ii) increasing the anisotropy factor (g) from 0.25 to 1.0 would 
enhance the probability of lateral impingements between C-S-H  nuclei, [6] and, thus, 
require a reduction in Id e n s ity  from -3.50 to -0.87 pm-2. However, regardless of the choice 
of these parameters, measured hydration rates of all pastes presented in this study could 
be fitted using a unique value of Id e n s it y . This equivalency in the value of Id e n s ity  across all 
pastes is expected because when water is abundant, as it is during the first 24 h of 
hydration, the critical supersaturation at which nucleation of C-S-H  occurs should be 
about the same and, thus, independent of the amount of water present in the system or the 
SSA of the cement particles. [35] It should be noted that at a high w/c, the larger dilution 
is expected to cause a slight delay in reaching C-S-H  supersaturation. However, because 
of the intrinsically high dissolution rate of cement [63] and the very low solubility (i.e., 
Ksp) of C-S-H, [29,50] it is expected that the solution rapidly supersaturates with 
respect to C-S-H in all pastes regardless of the w/c, and, thus, does not cause significant 
alterations (e.g., lengthening of the induction period) in the early age hydration behavior. 
[26,45,64-69]
While the product nucleation density was found to be independent of the w/c, 
significant changes in the reactive paste fraction (pf ) were noted across different pastes 
(Figure 7a). As can be seen, pf  is unaffected by the cement’s SSA, but decreases broadly 
in a linear manner with increasing w/c. This implies that as the water content of the paste
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Figure 6. Representative set of simulated and measured hydration rates (da/dt) of 
cement in pastes prepared at different w/c. The blue solid line represents model output 
at its intermediate step, wherein the outward product growth rate (Go u t) is assumed to 
remain constant throughout the hydration process. The red dashed line represents the 
final output from the simulations, wherein Go u t is allowed to vary with time.
increases, the formation of C-S-H is confined within smaller volume fractions of the 
paste. It is pointed out that if simulations are implemented by imposing a constant value 
of pf (i.e., pf = 1) — essentially assuming that the entire reaction vessel participates in the 
nucleation and growth process — the hydration rates of high w/ c pastes, as estimated 
from the pBNG simulations, are significantly different (i.e., broader) compared to those 
obtained from experiments. This is because at larger values of pf , the enlargement of the 
reaction vessel ensures larger spacing between the cement particles, which results in 
fewer impingements between product nuclei growing on neighboring particles; this 
manifests as a slower approach to the main hydration peak and, more importantly, a 
slower decline in the hydration rate after the peak. Further details pertaining to the 
sensitivity of the pBNG simulations with respect to variations in pf and the justification 
for varying pf are included in the Supporting Information in corresponding publication.
As described previously (pBNG Model section), the reactive fraction of the paste can be 
described as the reaction vessel, which consists of all of the solids (i.e., anhydrous cement 
particles and hydrates) but only a fraction of the capillary water. By factoring in the
values of pf (as obtained from the simulations) in Equation 7, the w/c ratio within the 
reaction vessel (i.e., w/crv) was determined (Figure 7b). Interestingly, regardless of the 
w/c ratio of the paste or the SSA of cement, in all pastes, the w/crv is broadly similar, 
with values ranging from 0.40 to 0.51. Strikingly, these values of w/crv are in close 
proximity to the critical w/c (i.e., 0.42) needed for complete hydration of cement. [36,37] 
This indicates that during the early stages of cement hydration, as C-S-H  nucleates on 
cement surfaces and subsequently grows into the contiguous capillary space, its growth is 
confined within a region (i.e., the reaction vessel) in the vicinity of cement particles that 
supply the ions for C-S-H precipitation. The reaction vessel’s volume is independent of 
the w/c and roughly equal to the critical (i.e., minimum) volume required for the 
occupation of the hydrates after the hydration of cement is complete (i.e., when a = 1). 
Whereas the reasons for equivalency in the reaction vessel’s volume across pastes 
prepared at different w/c ratios are not clear, it is speculated that the sedimentation of 
cement particles, in addition to particle-aggregation (i.e., flocculation/agglomeration 
caused due to interparticle forces), lead to similar particle assemblages. This definition of 
the reaction vessel (and, thus, of aBv) is similar to that suggested by Thomas [12] and 
indicates that, regardless of the w/c, the calculation of aBv (Equation 6) for plain pastes 
should be based on the volume of the hydrates at a = 1 (as the reaction vessel’s volume) 
rather than the total volume of the paste. The results, suggesting confined growth of 
C-S-H on and around the cement particles, are also in good agreement with the reaction 
zone hypothesis advanced by Masoero et al. [34] In spite of similarity in findings 
between this study and the study by Masoero et al, [34] there are differences pertaining to 
the origins of C -S-H ’s confinement, which are highlighted below.
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Figure 7. Parameters derived from the simulations: (a) reactive paste fraction (pf) and 
(b) water-to-cement ratio within the reaction vessel (w/c-rv) as functions of the w/c. (c) 
Comparison between the average spacing between cement particle surfaces within the
reaction vessel (y-axis) vis-a-vis the average spacing between them when they are 
assumed to remain suspended (x-axis). The dashed lines represent the lines of ideality.
In the model used by Masoero et al., [34] it is assumed that the cement particles 
remain suspended, and the growth of C-S-H occurs in a confined region (i.e., in the 
semi-pore space) in proximity to the cement particles. First, in practice, because of the 
large density difference between cement (i.e., 3150 kg. m-3) and water (i.e., 1000 kg. m­
3), the sedimentation of cement particles always occurs in pastes (in the absence of 
viscosity-modifying admixtures or when in situ mixing is not employed), as was also 
observed in the current experiments. Second, the assumption of particles being suspended 
combined with the confinement of C-S-H, as assumed in the model developed by 
Masoero et al., [34] significantly marginalizes the likelihood of impingement between 
C-S-H layers growing on different particles, especially at early ages when the degree of 
hydration of cement is low. This is difficult to reconcile as the setting of the paste, [70] 
which occurs at a low degree of hydration of cement, necessitates such early age 
impingements between C- S-H layers growing on adjacent cement grains. In contrast to 
the model presented in ref [34], the pBNG model used in this study does not incorporate
any assumption regarding the occurrence, or lack thereof, of sedimentation of cement 
particles. However, based on the simulation results, which indicate that in high w/c 
pastes, the reaction vessel is consistently smaller than the paste’s volume (Figure 7), it is 
inferred that the sedimentation of cement particles does occur. This inference gains 
support from experiments, in which the solids (i.e., cement particles and hydrates) were 
consistently found to be settled at the bottom of the reaction container after 24 h of 
hydration. This assemblage of cement particles within a fraction of the paste’s volume 
causes the particles to pack more closely as compared to an equivalent system in which 
particles remain suspended.
To better illustrate the effects of sedimentation of cement particles on particle 
packing, the 3D microstructural model, described above and in ref [5,16,33,56,60-62] 
was used to generate virtual microstructures for two cases: one in which cement particles 
remain suspended and the other in which sedimentation occurs. In the former and latter 
cases, the water contents resemble the original w/c and the w/cRV (determined from 
pBNG simulations), respectively. Once the sought packing is achieved, the average initial 
spacing between cement particle surfaces (i.e., interparticle distance) is calculated using 
algorithms described in ref [59]. The virtual microstructures generated from the 
simulations are shown in Figure 8, and the calculated interparticle distances are shown in 
Figure 7c. As can be seen, because of the sedimentation of cement particles in high w/c 
pastes, the interparticle distance within the reaction vessel is reduced to a fraction of the 
interparticle distance at the time of mixing (i.e., when sedimentation has not occurred). It 
is also noteworthy that across pastes prepared using the same PSD of cement but at 
different w/c ratios, the interparticle distances within the reaction vessel remain broadly
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the same. This is due to the equivalency in the values of w/crv (Figure 7b) and suggests 
that as cement particles settle, their assemblage and access to water needed for hydration 
remain broadly the same regardless of the original w/c. In pastes prepared with the fine 
cement, the interparticle distances within the reaction vessel are smaller (i.e., -1.0 pm) as 
compared to those prepared with the coarse cement (i.e., -2.1 pm), although the volumes 
of the reaction vessel are equivalent across all pastes. This is attributed to the larger 
number of particles (per unit mass) in the fine cement. These interparticle distances, 
presented in Figure 7c, are analogous to the size of the reaction zone reported by Masoero 
et al., [34] as in both studies, these sizes represent the linearized space within which the 
growth of C-S-H  occurs and remains confined. In this study, the interparticle distances 
range between 1.0 and 2.1 pm, whereas in ref [34], the sizes of the reaction zone were 
estimated between -0.38 and -1.1 pm. It is reasonable to say that these differences are 
small and can be attributed to differences in the schemes (e.g., anisotropy in the growth 
of C-S-H) employed in the pBNG simulations as well as the differences in the properties 
(i.e., PSD and composition) of the cementing material. The assumption of particles 
remaining suspended, as implemented in ref [34], is also expected to alter the likelihood 
of impingement between C-S-H  nuclei and, thus, contribute to the aforementioned 
differences.
On the basis of these results, it is hypothesized that the confinement of C-S-H  is 
a manifestation of the space constraint induced by the close packing of the settled cement 
particles within the reaction vessel. Because of the smaller spacing between cement 
particles within the reaction vessel, C-S-H  layers growing on adjacent cement particles 
are able to percolate and cause the paste to set, even when the w/c is relatively high (e.g.,
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w/c = 0.75). The enhanced impingements between C-S-H  layers as well as the 
impingements between C-S-H nuclei growing on the same particle contribute toward the 
occurrence of the main hydration peak, which occurs within 12 h of hydration and at a 
low degree of hydration (i.e., a ~ 0.13) even in pastes prepared at high w/c (Figures 2 and 
3). In addition to these impingements, the temporal variation in the growth rate of 




Figure 8. 3D virtual microstructures showing the packing of particles at the time of 
mixing (i.e., without sedimentation of particles) in pastes prepared at: (a) w/c = 0.45, 
and (b) w/c = 10. (c) shows the effects of sedimentation of particles in a paste prepared 
at w/c = 10. The smaller cubic volume schematically represents the reaction vessel, 
which includes all of the cement particles but only a fraction of the water. The 
volumetric content of water in the reaction vessel is derived from w/c-rv, as calculated
from pBNG simulations.
Figure 9a describes the influence of w/c on the product growth rate [Go u t(t)]. As 
shown, the product grows at rates that decrease nonlinearly by about 2 orders of 
magnitude over the course of cement hydration in the first 24 h. This functional form of 
the growth rate has been reported [13,22,25] to mimic the evolving supersaturation of 
C-S-H in the solution, wherein high and low supersaturations imply larger and smaller
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driving forces for C-S-H  growth, respectively. It is noted that at any given time (Figure 
9a) or degree of hydration of cement (Figure 9b), Go u t decreases with increasing w/c. This 
is better shown in Figure 10, which plots the growth rates of pastes, extracted at a = 10, 
20, and 30% against the w/c. The diminishment of the product growth rate with 
increasing w/c suggests abatement in the driving force for C-S-H  growth in diluted 
systems. It is hypothesized that in high w/c systems, though C-S-H  is confined within a 
smaller fraction of the paste volume (i.e., the reaction vessel), the ions [29] (i.e., H3 SiO4 - 
/H2 SiO4 2 -, CaOH+/Ca2 + , and OH-) responsible for the precipitation of C-S-H  are able to 
transport across the entire paste’s volume. As such, the supersaturation of C-S-H  in the 
solution and, hence, the driving force for its growth are sensitive to the paste’s water 
content and decrease with increasing w/c; this point is described in more detail through 
experimental results further in the text. This decrease in C-S-H  supersaturation 
manifests as a systematic diminishment of its growth rate with increasing w/c (Figures 9 
and 10). It is pointed out that, in spite of the ions being able to move throughout the 
paste’s volume, it is expected that their abundance is relatively higher in regions in 
proximity to their source, that is, cement particles. This would imply higher 
supersaturation and, therefore, higher growth rate of C-S-H  around the cement particles. 
While the current simulations do not consider gradients in ion concentrations, results 
shown in Figure 10 do support the theory. As can be seen, at equivalent w/c, growth rates 
at early ages (i.e., when a = 0.10) are higher in pastes prepared with the fine cement as 
compared to those prepared with the coarse cement. This is hypothesized to be on 
account of smaller spacing between particles (Figure 7c) in pastes prepared with the fine 
cement, such that the overlapping (or closely packed) ion-abundant regions around the
46
closely packed particles bolster the driving force for the growth of C - S-H. At later ages, 
when the supersaturation of C-S-H in the solution is low, [22] the effect of interparticle 
spacing on the growth rate diminishes. This is reflected in Figures 10b and 10c, which 
show that at higher degrees of cement hydration, growth rates are independent of the 
spacing between particles (or fineness of the cement).
The growth rates shown in Figure 9 qualitatively allude to the temporal evolution 
of the supersaturation of C-S-H in the solution. For quantitative determinations of the 
supersaturation, a generic relationship between the growth rate and supersaturation of 
C-S-H must be known. In a recent study, Scherer et al. [27] showed that the growth rate 
of C-S-H  exhibits a cubic dependence on its supersaturation, as shown in Equation 9.
Gout(t)= G0Ut- c.(P csH (t)-1 )3 (9)
where, Gout-c (pm. hour-1) is a constant and Pcsh©  (unitless) is the time-dependent 
supersaturation of C-S-H in the solution. As the exact value of Gout-c is not known and is 
expected to change depending on the concentration of calcium (i.e., Ca2+) in the solution, 
[27] a value of Gout-c = 0.075 pm. hour-1 is assumed in this study. This value, as described 
previously, is used in the first step of the pBNG simulations and is within the same order 
of magnitude as experimental values. [26,27,67] By plugging in the estimated value of 
Gout-c and Gout(t) (i.e., obtained from pBNG simulations) in Equation 9, the temporal 
evolution of Pcsh in the pastes was estimated (Figure 11). Admittedly, on account of the 
uncertainty in the values of Gout-c, the values of Pcsh are expected to be a rough, rather 
than an accurate estimate. However, these estimated values are expected to capture the 
effects of variations in the process parameters, that is, w/c and SSA of cement, as they are 
all derived using the same value of Gout-c.
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C o a rse  cem ent
— --w/c = 0.45 
-----w/c = 0.50
—  w/c = 0.60
—  w/c = 0.75 
w/c = 0.80
-----w/c = 1.00
—--w/c = 3.00 
-----w/c = 5.00
— -  w/c = 10.00
(a) (b)
Figure 9. Outward growth rate of the product (Go u t) as function of: (a) time, and (b)
degree of hydration of the coarse cement.
Figure 10. Outward growth rate of the product (Go u t) as a function of w/c when: (a) a = 
0.10, (b) a = 0.20, and (c) a = 0.30. Results for both coarse and fine cements are
shown.
The temporal evolutions of Pcsh, shown in Figure 11, are qualitatively similar to 
those reported in the literature and derived from kinetic cellular automata simulations 
[22,27,29,30,64,71] and reflect the trends in the abundance of aqueous ionic species — 
the silicate species (i.e., H2SiO42- and H3SiO4-) in particular — in the solution. [64,71-74] 
At very early ages (i.e., around the time of mixing), when C-S-H  is present in small 
amounts and cement continues to dissolve rapidly releasing ions at a fast rate into the 
solution, Pcsh is expectedly high. With time, the dissolution rate of cement declines, and
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more ions, including aqueous silicate species, are consumed as the rate of precipitation of 
C-S-H increases; this manifests as a steep decline in Pcsh. It should be noted, however, 
that this decline in Pcsh is nonmonotonic, particularly in the case of low w/c systems. 
Specifically, around the main hydration peak, Pcsh increases — albeit slightly — and 
then continues to decrease. These minor fluctuations in the evolution of Pcsh are expected 
to mimic the increase in the silicate concentration that occurs around the main hydration 
peak when there is a sharp decrease in the Ca2+ concentration. [22,35] At later ages (i.e., 
in the subsequent hours following the main hydration peak), ion concentrations in the 
solution stabilize, [22,45,64,72] and thus Pcsh also stabilizes. At any given time, pastes 
prepared at a lower w/c have higher Pcsh as compared to those prepared at a higher w/ c. 
This, as stated previously, is expected to be due to the larger dilution in the higher w/c 
pastes and is corroborated by the evolutions of the solution electrical conductivity and 
pH. As can be seen in Figures 12a and 12b, whereas the overall profiles of electrical 
conductivity and pH evolution are similar across different w/c — which is expected due 
to similar hydration kinetics (Figure 2 — the magnitudes of both parameters at equivalent 
times are lower in high w/c pastes on account of higher dilution (i.e., larger volume of 
solution per mole of a given ion). Lower concentration of ions in the pore solutions of 
high w/c pastes causes Pcsh to be lower compared to those prepared at low w/c. It is also 
interesting to note that Pcsh is broadly insensitive to the PSD of cement (Figures 11b and 
11c). This suggests that the differences in the hydration kinetics induced by the SSA of 
cement (as shown in Figure 3) are unable to cast a significant impact on the composition 
of the solution and, therefore, the supersaturation of C-S-H.
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(a) (b) (c)
Figure 11. Estimated temporal evolution of the supersaturation of C-S-H (Pcsh) in 
pastes prepared using: (a) the coarse cement at different w/c, (b) the coarse and fine 
cements at w/c = 3, and (c) the coarse and fine cements at w/c = 10.
Overall, the results described thus far suggest that the hydration kinetics of 
cement is not affected by the w/c on account of the sedimentation of cement particles. As 
cement particles settle, they are packed more closely, which in turn creates a space 
constraint for the growth of C-S-H and results in its confinement. On the basis of this 
theory, it could be hypothesized that if the sedimentation of cement particles is prevented 
— or even disrupted — C-S-H would not remain confined, thus causing the hydration 
kinetics to change. To test this hypothesis, hydration kinetics was monitored for a paste 
prepared at w/c = 10, wherein the paste was continuously stirred at a low speed (i.e., 80 
rpm) using an electrically-driven agitator throughout the 24 h of hydration. It is clarified 
that the low rotational speed of the agitator minimizes the heat released due to mixing 
action (i.e., These differences can be reconciled by considering the effect of stirring on 
the spacing between cement particles. Specifically, in the stirred pastes, sedimentation of 
cement particles is partially prevented, which results in larger spacing between them and, 
consequently, fewer impingements between C-S-H  layers growing on neighboring 
cement particles. Because of such lack in confinement of C-S-H in the stirred pastes, the
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main hydration peak is delayed and the decline in the post-peak hydration rate is slower. 
By contrast, in the static paste, the closely packed cement particles ensure more 
impingements between the C-S-H  layers and thus a faster approach to and departure 
from the main hydration peak. The results shown in Figure 12 are in good agreement with 
the results shown in Figure S3b (of the Supporting Information in the corresponding 
publication), wherein it is shown that if the reaction vessel’s volume is larger (i.e., pf ~ 
1.00), the pBNG-simulated hydration rates of high w/c pastes have a delayed occurrence 
of the main hydration peak and a slower post-peak decline of the hydration rate. The 
results shown in Figure 12 are also in good agreement with a prior study, [31] which 
shows that in pastes provisioned with dispersants, the enhanced dispersion of cement 
particles causes cement hydration rates to change (i.e., to get progressively broader) in 
relation to increasing w/c.
On the basis of these results, it is hypothesized that sedimentation of cement 
particles is at the origin of C-S-H confinement and insensitivity of cement hydration 
rates to changes in w/c. It is clarified that, although this hypothesis has been construed 
from the hydration behavior of water-rich systems (i.e., w/c > 0.42), past studies [12,31] 
and additional data included in the Supporting Information of the corresponding 
publication show that early age hydration rates of low w/c pastes (i.e., w/c < 0.42) are 
also insensitive to w/c. Results obtained from pBNG simulations (not shown) indicate 
that even in low w/c pastes, the reaction vessel’s volume is equivalent to the volume 
occupied by hydrates at a = 1. Thus, it is proposed that in pBNG models, to account for 
C-S-H confinement, the determination of the boundary area per unit volume of the 
substrate (aBV: Equation 6) for plain pastes should be calculated based on the volume of
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Figure 12. (a) Electrical conductivity and (b) pH of the pore solution of pastes prepared 
using the coarse cement at different w/c. Because of the large difference in magnitudes 
of solution’s electrical conductivity, re-scaled subplots for the two curves are included 
within (a). (c) Heat flow rates of pastes, prepared using the coarse cement at w/c = 10, 
measured without (static) and with in-situ stirring.
hydrates that would form when all of the cement has reacted, rather than the total volume 
of the paste (including excess water) which depends on the w/c. As per this definition, in 
blended systems wherein cement is partially replaced by a filler, aBV would be equal to 
the ratio of the total solid surface area at a = 0 (i.e., combined surface areas of cement 
and filler) to the total volume of solids at a = 1 (i.e., combined volumes of hydrates and 
filler). As pointed out by Scherer and Bellmann, [27] pBNG models should account for 
the highly nonlinear supersaturation-dependent variation in the growth rate of C- S-H. In 
this study, although the evolution of growth rate and supersaturation of C-S-H  were 
derived indirectly from heat evolution profiles, it is possible to incorporate a 
supersaturation-dependent growth rate directly into pBNG models through experimental 
measurements of the evolving solution composition. [27] Last, it is recognized that 
further investigation of cement hydration kinetics in pastes, wherein sedimentation of 
particles is progressively mitigated (e.g., using viscosity-modifying admixtures), is 
required for validation and further refinement of the hypotheses presented in this study.
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4. CONCLUSIONS
A series of experiments and pBNG simulations were applied to elucidate the role 
of w/c ratio on the hydration kinetics of cement in plain pastes. The experiments, 
conducted using isothermal microcalorimetry methods, show that cement hydration rates 
are insensitive to changes in w/c. As classical pBNG models are unable to explain such 
effects, a modified pBNG model is presented, in which the growth of the main hydrate, 
that is, C-S-H, is assumed to be anisotropic and allowed to vary in relation to the 
nonlinear evolution of its supersaturation in the solution.
Results obtained from the pBNG simulations show that the nucleation density of 
C-S-H, forming heterogeneously on cement surfaces, is unaffected by the w/c of the 
paste as well as the SSA of cement particulates. However, as the w/c increases, the 
fraction of the paste’s volume that participates in the nucleation and growth process 
reduces. This reactive (i.e., participatory) fraction of the paste, termed as the reaction 
vessel in this study, was found to be equivalent (i.e., equivalent size/volume and water 
content) across pastes prepared at different w/c ratios and cements of different SSAs.
On the basis of these results, it is hypothesized that at early ages, the nucleation 
and growth of C-S-H remains confined within the reaction vessel, such that its 
formation is limited to ion-abundant regions in proximity to cement particles. This 
confinement of C-S-H  is hypothesized to be a manifestation of the sedimentation of 
cement particles. As cement particles settle, they are packed more closely, which in turn 
creates a space constraint for the growth of C-S-H  and results in its confinement.
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Indeed, in pastes, wherein the sedimentation of cement particles is disrupted using in situ 
stirring, the hydration kinetics is no longer insensitive to changes in the w/c.
Results from this study also suggest that, unlike C-S-H, the ions in solution are 
not confined within the reaction vessel. The transport of ions throughout the volume of 
the paste causes the supersaturation of C-S-H, that is, the driving force for its growth, to 
decline with increasing w/c. This results in a systematic diminishment of C-S-H  growth 
rate with increasing w/c.
Overall, the outcomes of this work provide novel insights into the mechanisms 
that cause cement hydration rates to remain insensitive to changes in the paste’s water 
content. Whereas a simplified view is presented, the discussion highlights important 
aspects that need to be incorporated in pBNG models to account for C -S-H  confinement 
as well as the sedimentation of cement particles. Investigation of the cement hydration 
kinetics in systems, wherein sedimentation of particles is progressively mitigated (e.g., 
using viscosity-modifying admixtures), is expected to aid in validation and in further 
refinement of the hypotheses presented in this study.
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A B S T R A C T
The hydration of the two most reactive phases of ordinary Portland cement 
(OPC), tricalcium silicate (C3 S) and tricalcium aluminate (C3A) is successfully halted 
when the activity of water (aH) falls below critical thresholds of 0.70 and 0.45, 
respectively. It’s been established that the reduction in relative humidity (RH) and 
aH suppresses the hydration of all anhydrous phases in OPC, including less explored 
phases like dicalcium silicate, that is, belite (P-C2 S). However, the degree of suppression, 
that is, the critical threshold, for P-C2 S, standalone has yet to be established. This study 
utilizes isothermal microcalorimetry and x-ray diffraction techniques to elucidate the
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influence of aH on the hydration of P-C2 S suspensions via incremental replacements of 
water with isopropanol (IPA). Experimentally, this study shows that with increasing IPA 
replacements, hydration is increasingly suppressed until eventually brought to a halt at a 
critical threshold of approximately 27.7% IPA on a weight basis (wt.%I P A ). From 
thermodynamic estimations, the exact critical aH threshold and solubility product 
constant of P-C2 S (KCzS) are established as 0.913 and 10-1268, respectively. This study 
provides enhanced understanding of P-C2 S reactivity and thermodynamic parameters 
during the hydration of P-C2 S-containing cementitious systems such as OPC-based and 
calcium aluminate-based systems.
Keywords: Hydration; Belite; Water Activity; Isothermal Calorimetry; X-ray Diffraction; 
Thermodynamics.
1. INTRODUCTION
Ordinary Portland Cement (OPC) in its anhydrous form is composed of four main 
phases: tricalcium silicate; dicalcium silicate; tricalcium aluminate; and 
tetracalciumaluminoferrite (commonly written as C3 S, C2 S, C3A, and C4AF, respectively, 
in conventional cement chemistry notation, wherein: C = CaO; S = SiO2 ; A = AhO3; F = 
Fe2O3; H = H2 O; etc.) — typically blended with one of the calcium sulfate hydrate states 
(anhydrite, hemihydrate, and/or gypsum) [1]. The complexity of the hydration reaction of 
OPC-based systems (i.e., pastes, mortars, concretes) can be emphasized by the fact that 
there are a multitude of anhydrous and hydrated phases presented within a OPC-based 
system at a given instance of time. As a result, a significant volume of hydration reaction
(that is, the reaction that describes the chemical incorporation of water into the structure 
of the previously anhydrous powder) studies have focused on elucidating the hydration 
parameters of simple systems — such as C3 S [2-13] and C3A/C$-phases [14-21] — due 
to the phases being star hydration participants at early ages in OPC-based systems.
Comparatively to the simple, anhydrous phases mentioned in the above 
paragraph, the hydration of C2 S standalone systems has been studied more selectively 
and for mainly two reasons: its comparatively smaller contribution to the overall 
hydration reaction, especially at early ages (i.e., approximately the initial 24 h to 36 h of 
the reaction) and; its inclusion in energy-friendly, alternative binders referred to as 
calcium aluminate (CA) [22] cements, calcium sulfoaluminate (CSA) [22-26] cements, 
calcium sulfoaluminate-belite (CSAB) [27,28] cements, etc. [26,29,30] in literature, 
wherein polymorphs of C2 S are studied in conjunction with other anhydrous phases. 0- 
C2 S — the main form of C2 S (that is, in comparison to the a- and y- C2 S polymorphs 
[1,31]) present in OPC, constitutes approximately 15% to 30 % of OPC by weight[1]. As 
stated previously, P-C2 S is less reactive at early ages — due to its relatively higher 
thermodynamic stability and densely packed structure [32,33] — compared to C3 S and 
C3A/C$ phases and is credited as a contributor to the development of the hydration 
reaction at later ages [34-39] (that is, beyond the initial 24 h to 36 h of hydration in a 
given OPC-based system). With that stated the hydration reaction behavior of P-C2 S has 
more similarities to C3 S hydration — albeit, at physically observable slower rates (that is, 
a prolonged induction period, which reportedly results in the occurrence of the main 
hydration peak only after several days or even weeks according to the literature [34-39]) 
— as opposed to hydration of C3A/C$ phases. A synopsis of P-C2 S hydration — which
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consists of a dissolution-precipitation process, again very similar to C3 S — is 
summarized in the following text.
1 .1 .  P -C 2 S  H Y D R A T I O N  R E A C T I O N S
Equations 1, 2, 3, and 4 are expressed in terms of the variable x, which is used to 
signify the varying conditions at which the reaction can be satisfied, i.e., at equilibrium. 
The overall reaction of P-C2 S can be described by Equation 1, that is, Equation 1 
describes the wetting of P-C2 S particulates’ surfaces with the introduction of water to the 
system, leading to the dissociation of ions (Equation 2) — calcium (Ca2 +), dihydrogen 
orthosilicate (H2 SiO4 2 -), and hydroxyl ions (OH-) — into the contiguous pore-solution. 
Once the pore-solution becomes saturated with respect to the aforesaid ions, precipitation 
of the hydration products — C-S-H and CH — begins to occur. Equations 3 and 4 
describe the precipitation of C-S-H and CH, respectively, in context of a simplified P-C2 S 
system and Ca/Si stoichiometries established in literature[6] for C-S-H. These equations 
are based on assumptions originally made by Oey et al. [6] x is representative of the 
varying molar ratios of Ca/Si corresponding to known C-S-H, but also has a molar 
relationship to C-S-H’s chemically bound water (Equation 3). This assumption’s validity 
is unclear as C-S-H phases are known to show changes in their structure and water 
content with variations in aH. It should also be briefly stated that similar stoichiometries 
for C-S-H can be used to thermodynamically predict both C3 S and P-C2 S hydration as 
they are reportedly [40,41] representative of both simple systems. A few studies — such 
as Brunauer et al. [40] and Goni et al. [41] — have directly compared P-C2 S and C3 S 
hydration using quantitative x-ray diffraction and thermal analysis techniques,
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respectively, and found identical C-S-H stoichiometries presents, albeit at smaller 
amounts corresponding to the P-C2 S system compared to the C3 S system at a given age. It 
should also be stated that some researchers [42,43] believe there are differences in terms 
of the resulting properties of C-S-H depending on the anhydrous, simple system, that is, 
C3 S vs C2 S. In actuality, it is expected that a reduction in aH would alter the 
thermodynamic phase relations of C-S-H phases, such that the stability of Ca/Si varies 
with aH [44]. However, in regard to the current thermodynamic analysis, the 
stoichiometric values reported for C3 S are assumed valid for P-C2 S hydration in this 
study since they have been experimentally observed for both simple systems [40,41] and
66
follow assumptions originally made by Oey et al. [6].
Ca2SiO4 + (2x + 3)H2O ^  (2 — x)Ca(OH)2 + CaOx • SiO2 • H2O3x+x (1)
Ca2SiO4 + (2x + 3)H2O ^  2Ca2+ + H2SiO42- + xOH- + (2x + 1)H2O (2)
xCa2+ + H2SiO42- + 2(x — 1)OH- + (2x + 1)H2O (3)
^  Ca(OH)2 • SiO2 • (2x + 1)H2O
(2 — x)Ca2+ + 2(2 — x)OH- ^  ( 2 —x)Ca(OH)2 (4)
1.2. PREVIOUS WATER ACTIVITY (aH) STUDIES
As discussed above, limited work has been done to study P-C2S hydration as a 
standalone system. With that stated, a thermodynamic approach was utilized in these 
references [6,21,45] to improve understanding of simple systems, that is, to estimate
thermodynamic constants connected with the hydration of C3 S [6,45] and C3A/C$ 
systems [21], such as solubility and equilibrium constants of hydration products and 
reactants. The thermodynamic constants corresponding to the hydration reaction of OPC- 
based systems are known to be related to the aH and relative humidity (RH) of the 
system. If the RH of the system is reduced within the microstructure, that is, internally by 
means of evaporation, the hydration kinetics of the system will ultimately be suppressed 
along with microstructural, mechanical, rheological, etc. development. Several 
researchers [6,45-51] have reported that below a critical value, i.e., RH = 80%, the 
hydration of OPC [47-51] or C3 S [6,45] — the main phases constituting OPC — is 
arrested. Flatt et al. [45] estimated that the chemical potential of water can be influenced 
and diminished via a vapor-phase route by reducing C3 S’s RH internally. Conversely,
Oey et al. [6] altered the chemical potential of water using a liquid-phase route by partly 
or completely replacing water with isopropanol (IPA) to manipulate the aH of the system 
and established a critical threshold required for C3 S hydration to proceed, that is aH > 
0.70. Beyond C3 S, Lapeyre et al. [21] investigated the hydration of C3A, due to its 
importance to the overall OPC hydration reaction [1,52,53] in combination with C$ 
[1,14,54-56] and by adapting methods from Flatt et al. [45] and Oey et al. [6] was able to 
successfully determine the critical aH threshold required for hydration of the [C3A + C$] 
system to proceed, that is, aH > 0.45. With that stated, a relationship has not been 
established between the aforementioned thermodynamic parameters and the hydration of 
remainder anhydrous phases in OPC-based systems, such as P-C2 S. Though there have 
been studies that have explored P-C2 S hydration, none have explored the effect of aH and 
RH on a plain P-C2 S system.
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The objective of this work is to study the effect of aH, and therefore RH, on P-C2S 
systems by systematically replacing IPA with water and observing the consequent 
hydration effects by determining the critical aH at which belite hydration is arrested.
More specifically, the results of this study will yield the following thermodynamic 
parameters: solubility product constant of P-C2S (KCzS); and an accurate critical aH 
threshold estimation. Such information would facilitate the selection of near-ideal curing 
conditions, giving the interested reader improved control of any P-C2S-containing 
cementitious system’s hydration kinetics, and therefore resulting in improved control 
over the development of microstructural, mechanical, rheological, etc. properties.
2 .  M E T H O D S  A N D  M A T E R I A L S
2 .1 .  P -C 2 S  S Y N T H E S I S  A N D  P H Y S I C A L  T E C H N I Q U E S
A single, synthetic P-C2S powder material was utilized in this study and was 
produced via solid-state synthesis using phase-pure precursor materials — CaCO3 and 
SiO2 — with a stoichiometric ratio of CaO:SiO2 = 2:1. The precursor materials were then 
dispersed in a 1:1 ethanol-water mixture and stabilized using a dopant, that is, borax 
(B4Na2O7.10H2O) at a B/Si = 0.01 molar ratio. Stabilizing P-C2S using boron-bearing 
dopants is well established in the literature [32,57,58]. However, it’s known that dopants 
can effect P-C2S reactivity even at low dopant levels [59], thus the employment of such a 
small molar ratio, which is thought to have minimal effects on P-C2S hydration reaction 
rates. After drying at 150°C, the powder mixture was thermally treated at 1400°C for a 6 
h duration. The material was then-air quenched, ground into powder, and characterized
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by x-ray diffraction (XRD; Panalytical X’Pert Pro MPD) via the instrument’s continuous 
scanning mode. The diffractometer was operated at 45 kV and 40 mA. XRD experiments 
were performed using the following conditions: CuKa radiation (A = 1.540598 A); a 20:
5 to 90° scanning range; and 0.026°. step-1 at 272.34 s. step-1. Collected patterns were 
analyzed using an automated Hanawalt method “Search and Match” function in the 
X’Pert HighScore for qualitative phase analysis. The obtained XRD pattern matches 
pattern peaks for larnite (i.e., the mineral form of belite: PDF no. 033-0302) and agree 
with diffraction patterns corresponding to synthetic belite reported in the literature [60­
62].
The heat evolution relating to P-C2 S hydration in systems containing 
approximately 0.15 g of anhydrous P-C2 S was monitored for a minimum of 168 h, at a 
constant temperature of 20 ± 0.01°C, using a TAM IV isothermal microcalorimeter. Since 
P-C2 S is significantly less reactive compared to the hydration of simple, C3 S and C3A 
systems at early ages, isothermal microcalorimetry techniques are advantageous in this 
study since they are able to monitor heat evolution — an indication of the hydration 
reaction, at a high resolution (10-8  J s- 1 ). To experimentally determine the critical aH 
required for P-C2 S hydration arrestation, IPA was used to replace water in the liquid- 
portion of P-C2 S systems. A liquid-to-solid ratio of 10 was employed in this study to 
ensure that complete hydration of P-C2 S could be achieved, that is, the hydration 
reaction would not be limited by water content. Further, limited water can cause stresses 
within the capillary pore network of a paste system, thus suspension systems were 
preferred in this study. IPA was selected as an alcohol solvent because of its excellent 
miscibility with water, inertness, and lesser molecular size compared to water. IPA
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replacements were performed at a variety of replacement levels, that is from 0% to 100% 
on a weight basis to accurately determine the critical aH required for P-C2S hydration 
arrestation.
To support isothermal microcalorimetry findings, the diffraction patterns of select 
[P-C2S + H + IPA] suspension systems, that is, systems with isopropanol replacement 
levels on a weight basis (wL%ipa) of 0%, 10%, 20%, 25%, 40%, 80% and 100% were 
obtained using the aforementioned XRD technique after the initial 24 h and 168 h of 
hydration. Within ± 1 h of the desired examination age of the suspension system, excess 
liquid was removed via vacuum assisted filtration and diffraction patterns were obtained, 
that is, samples were immediately measured without an attempt to arrest hydration. All 
XRD patterns were obtained using the parameters stated above for the pristine P-C2S 
powder.
2.2. A THERMODYNAMIC ANALYSIS: ESTIMATIONS OF ACTIVITIES (ax) , 
CRITICAL WATER ACTIVITY (aH) , AND SOLUBILITY PRODUCT 
CONSTANT (KC2S)
2.2.1. Isopropanol (aIPA) and Water Activity (aH) Calculations. To calculate 
both the effective activities of IPA and water, that is, aIPA (Equation 5) and aH (Equation 
6), respectively, corresponding to each [P-C2S + H + IPA] system, the van Laar equations 
— which are discussed in detail here [63,64] — were utilized in this study as utilized in 
the referenced literature [6,21]. The mathematical relationship between aIPA and aH can 
be described with the following unitless variables: XIPA; XH; A; and B. That is, where: 
XIPA is the molar fraction of IPA of a given system’s liquid mixture; XH is the molar 
fraction of water of a given system’s liquid mixture; and A and B are unitless coefficients
determined by Wilson and Simmons [63] via regression analysis of liquid-vapor 
equilibrium data as 1.000 and 0.483, respectively.
71
A (5)aIPA — XIPAexp
( 1 +  AX'PA/ bXh) 2
ax IPA





2.2.2. Solubility Product Constant (Kc 2 s) And Critical Water Activity (aH) 
Calculations. A thermodynamic approach was utilized in these references [6,21,45] to 
estimate thermodynamic constants connected with the hydration of C3 S [6,45] and 
C3A/C$ systems [21], such as solubility and equilibrium constants of hydration products 
and pure, anhydrous phases. This approach was adapted in this study to improve 
understanding of hydration of P-C2 S systems. That is, this study aims to use this 
thermodynamic approach to estimate P-C2 S’s solubility product constant (KCzS) and 
critical aH below which P-C2 S hydration ceases. The following interpolation — which 
was adapted from Flatt et al. [45] — was utilized to estimate the molar volume of C-S-H 
as it varies with stoichiometry using reported C-S-H stoichiometries [65-67]. The 
reported molar volumes values for tobermorite, jennite, and C-S-H — where tobermorite 
has a Ca/Si = 0.83 [65], jennite has a Ca/Si = 1.67 [66], and C-S-H has a Ca/Si = 1.70 
[67] — used to construct the interpolation (Equation 7) were 47.2 cm3 . mol-1, 76.7 cm3 . 
mol-1, and 88.5 cm3 . mol-1, respectively.
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V™Cxsh3x+1 = 1 5 -15 + 4 2 1 6 (7)
F r o m  E q u a t i o n  7 ,  v a l u e s  f o u n d  f o r  V m CxsH 3x+1 c a n  t h e n  b e  s u b s t i t u t e d  i n t o  
E q u a t i o n  8 ,  t o  c a l c u l a t e  t h e  c h a n g e  i n  t h e  m o l a r  v o l u m e  o f  t h e  r e a c t a n t s  ( i . e .  V m a n d
V m H )  s u b t r a c t e d  f r o m  t h e  m o l a r  v o l u m e  o f  t h e  p r o d u c t s  ( i . e .  V m C xSH 3x+ia n d  V m c H ) .  T h i s  
e x p r e s s i o n  a s s u m e s  e q u i l i b r i u m  o c c u r s  a t  a  p r e s s u r e  o f  1 b a r  a n d  a  t e m p e r a t u r e  2 5 ° C .
A V m =  [ V m c „ s H „ +1 +  ( 2  -  x )  • V^ h ] -  [Vm c 2 s +  ( 2 X +  3 )  • V m „ ]  ( 8 )
T h e  m o l a r  v o l u m e s  t h a t  w e r e  c a l c u l a t e d  —  i n  a g r e e m e n t  w i t h  v a l u e s  r e p o r t e d  i n  
t h e  l i t e r a t u r e  [ 6 8 ]  —  f o r  P - C 2 S , H ,  a n d  C H  a n d  u t i l i z e d  i n  t h e  t h e r m o d y n a m i c  a n a l y s i s  
p e r f o r m e d  i n  t h i s  s t u d y  w e r e  5 1 . 7 8 5 ,  1 8 . 0 1 5 ,  a n d  3 2 . 9 1 5  c m 3 . m o l -1, r e s p e c t i v e l y .  W i t h  
t h i s ,  t h e  e q u i l i b r i u m  c o n s t a n t  c o r r e s p o n d i n g  t o  P - C 2 S ’ s  h y d r a t i o n  r e a c t i o n  ( K r x n )  c o u l d  
t h e n  b e  c a l c u l a t e d  a s s u m i n g  e q u i l i b r i u m  c o n d i t i o n s  f o r  R H K a n d  a H —  t h e  a m b i e n t  
r e l a t i v e  h u m i d i t y  o f  t h a t  t h e  c h e m i c a l  e q u i l i b r i u m  o f  w a t e r  i n  t h e  v a p o r  p h a s e  w i t h  p u r e  
l i q u i d  w a t e r  i n  a  p a r t i a l l y  s a t u r a t e d  p o r e  a n d  t h e  a c t i v i t y  o f  w a t e r  i n  t h e  p o r e - s o l u t i o n ,  
r e s p e c t i v e l y  — , t h a t  i s ,  w h e n  R H K <  1 0 0 %  a n d  a H < 1  ( E q u a t i o n  9 ) .
ln(RHK) = VmHAVm ' ln(Krxn) +
( 2 x  +  3 )  • V mH 
A V m + 1
■ ln(aH) (9)
V a l u e s  f o r  K CH, K CSH4, a n d  K CzSH7 h a v e  p r e v i o u s l y  b e e n  r e p o r t e d  i n  l i t e r a t u r e  
[ 4 5 , 6 9 ] ,  t h a t  i s ,  K c h  =  1 0 -5 2 , K c s h 4 =  1 0 -7 52, a n d  K c 2 s h 7 =  1 0 -12 96. C - S - H ’ s 
s t o i c h i o m e t r y  v a r i e s  w i t h  C a / S i  r a t i o ,  a n d  t h e r e f o r e  i t s  s o l u b i l i t y  p r o d u c t  c o n s t a n t  v a r i e s  
a s  w e l l .  I n t e r e s t e d  r e a d e r s  c a n  f i n d  m o r e  r e p o r t e d  s o l u b i l i t y  p r o d u c t  c o n s t a n t s  w i t h  
r e s p e c t  t o  C a / S i  r a t i o  i n  t h e s e  r e f e r e n c e s  [ 4 5 ,7 0 ] ,  b u t  i t  s h o u l d  b e  n o t e d  t h a t  
e x p e r i m e n t a l l y  m e a s u r e d  C - S - H s  d o  n o t  s t r i c t l y  f o l l o w  E q u a t i o n s  1 - 3 ,  n o r  d o e s  t h i s  s t u d y
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aim to model the solubility of C-S-H based on experimental values. With a value 
obtained for Krxn from Equation 9, KCzS was then obtained using values for KCxSH 1 — 
corresponding to x = 1 and x = 2 — using Equation 10. The obtained values for KCzS 
can then be expressed as a function of aH and related to wt.%I P A  from the aforementioned 
van Laar equations (Equations 5 and 6) to calculate the critical aH threshold.
KC2S
Krxn =
KCx SHsx+ i KCH2-x
(10)
3. RESULTS AND DISCUSSION
Figure 1 shows the influence of the initial aH on hydration rates of P-C2 S 
suspensions prepared at liquid-to-solid ratio = 10 for different levels of IPA replacement, 
as measured indirectly by isothermal calorimetry. Both the hydration rates and 
cumulative heat released corresponding to the hydration of [P-C2 S + H + IPA] systems, 
are substantially inhibited with increasing IPA replacements. The suppression of P-C2 S 
hydration is observed even when the initial water content is replaced with 2.5 wt.%I P A  
and a significant amount of water is present in the contiguous pore-solution — that is, 
liquid-to-solid ratio = 10. This indicates that the reactivity of P-C2 S is strongly affected 
by reduced aH, more-so compared to the liquid-to-solid ratio. The effect of IPA in the 
contiguous pore-solution appears to diminish around 25 wt.%I P A  especially when 
examining the Figure 1a insert graph, where the main hydration peak is not discernable 
within the initial 24 h of P-C2 S hydration. When considering the neat system, it can be
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Figure 1. Select isothermal microcalorimetry based determinations of the time 
dependent (a) heat flow rate; and (b) cumulative heat released of [P-C2 S + H + IPA] 
suspensions prepared at varying replacement levels (wt.%I P A ) of water, with a liquid- 
to-solid ratio = 10 used in this study. The inset plot represents the heat flow rate in the 
first 24 h of hydration. Uncertainty in heat flow rate at the observed hydration peak is ±
2%.
observed that there does not appear to be a prolonged induction period as reported in the 
literature [34-39], the supposed prolonged induction period that ends only after the main 
hydration peak is achieved. Based on heat evolution measurements corresponding to the 
hydration of [P-C2S + H + IPA] systems (Figure 1), there appears to be a-type-of 
acceleration regime, at least for the neat system, which ends at approximately 4 h of 
hydration, the occurrence of which has not been reported in prior literature. This is most 
likely due to the employment of isothermal microcalorimetry vs, calorimetry techniques 
in this study. Though, the conundrum remains of a reported main hydration peak 
occurring after several days or weeks in literature. Based on enthalpy values — which is 
a reflection of the total, cumulative heat released corresponding to a reaction, thus an 
indication of the degree of reaction, or in this case, hydration — that can found in the 
literature, such as 260 kJ/kg reported here [71], it can be surmised that a second, more
pronounced peak most likely does occur at a later age, but not within the initial 168 h. 
With that stated, it is clear that more elucidation of P-C2 S hydration is possible as modern 
characterization techniques and detection levels improve. Therefore, P-C2 S hydration 
deserves reexamination to improve holistic understanding of hydration of OPC-based 
systems and energy-friendly, alternative calcium aluminate-based binders such as CA, 
CSA, and CSAB cements.
Though a clear, well-identifiable trend was observed for isothermal 
microcalorimetry results (Figure 1), other characterization techniques proved to be more 
challenging in terms of elucidating the nuanced differences in [C2 S + H + IPA] systems 
with IPA replacement level and age. Figure 2 shows results from XRD analysis 
corresponding to the peak observed at 29.375 ± 1.000° 20. With varying IPA 
replacement level and age, no differences were observed in diffraction patterns, with the 
exception of this peak — most likely due to P-C2 S’s generally low reactivity (see neat 
system in Figure 1) and the detection limitations of the defractometer. This peak is 
observable in the pristine powder (i.e., anhydrous P-C2 S), and is shown to increase in raw 
intensity until a substantial amount of IPA, that is, 20 wt.%I P A , is present in the system, 
but then begins to decrease once 25 wt.%I P A  is present in the contiguous pore-solution 
(Figure 2a). It should be noted that to compare peak intensities in this way is more 
relative, that is, qualitative, and not absolute. The authors speculate that this peak’s 
increased intensity corresponds to the formation of one of the hydrated calcium oxalate 
forms’ — most likely similar to the formation of calcium oxalate monohydrate (i.e.., 
C2H2CaO5) in these references [72,73] —, where the precipitated CH reacts with the IPA 
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Figure 2. Select XRD results of [P-C2 S + H + IPA] systems are shown as 
representation of the measured raw intensity of the 29.375 ± 1.000 °20 peak by (a) 
IPA replacement level and (b) the occurance of the peak with respect to °20. The black 
horizontal line is the intensity of the pristine powder, (i.e., anhydrous P-C2 S), and can 
be used as a comparative reference against the measured intensities corresponding to 
the other systems. In comparison to the pristine powder, the [P-C2 S + H + IPA] system 
with 0% IPA by weight (wt.%I P A ) in the [H + IPA] contiguous solution after 24 h of 
hydration has a raw intensity increase of 20.64%, while after 168 h of hydration, the 
systems with 0 wt.%I P A , 10 wt.%I P A , 20 wt.%I P A , and 25 wt.%I P A  have raw intenisty 
increases of 72.50%, 89.50%. 192.20%, and 23.34%, respectively. > 40 wt.%I P A  a
decrease in raw intensity is observed.
the formation of C-S-H — XRD peaks, corresponding to both ordered and disordered 
variants of jennite and tobermorite [74], have been reported to occur between 28.8° 20 
and 33.2° 20 [74] —, or a combination of the two [74]. With increasing raw intensity, a 
rightward, ° 20 shift can be noted in the peak of interest until 20 wt.%I P A  (Figure 2b), 
then the peak begins to shift towards the left at 25 wt.%I P A . As discussed in more detail 
here [74], peak shifts can indicate a change in stoichiometry, which would corroborate 
ideas that relate aH to stoichiometry. It should be reiterated that the scope of this 
comunication and more specifically XRD experiments is not to model stoichiometry as a 
function of aH, rather XRD results are soley meant to corroborate microcalorimetry 
findings on the critical aH threshold. Regardless, XRD results (Figure 2) are a clear
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indication of the systems’ reactivity — and in this case, aH —, with a noticable decline in 
raw intensity from the diffraction results corresponding to the systems with > 20 wt.%iPA 
in the [H + IPA] contiguous pore-solution.
Figure 3 summarizes the results of the thermodynamic analysis conducted in this 
study, that is, — using CSH4 and C2SH7 solubility values reported by Flatt et al. [45], and 
corroborated by Oey et al. [6] to elucidate “the influence of aH on the hydration of 
tricalcium silicate” — Figure 3 indicates that the hydration of P-C2S is effectively 
arrested when the aH of the [H + IPA] contiguous solution is equal to 0.913 and KCzS = 
10-1268. KCzs = 10-1268 was then utilized to obtain Krxn at arrestation, that is, when x  = 1 
and x  = 2, Krxn = 10021 and Krxn = 10029, respectively. When P-C2S hydration is halted 
(i.e., aH < 0.913), there are most likely one of two causations: P-C2S is exhausted; or 
equilibrium has been achieved between all phases — P-C2S, H, CxSH3x+1, and CH — in 
the system. Based on results obtained from physical experiments and thermodynamic 
calculations, it can be stated that the hydration of P-C2S is effectively arrested at 27.7% 
wt.%IPA, with the aforementioned causations being dependent on the Ca/Si of C-S-H and 
the initial or effective aH of a P-C2S system undergoing hydration.
To the best of the authors’ knowledge, this is the first time values for the effective 
aH and KCzs for P-C2S hydration have been estimated. Interestingly, the reported critical 
aH of 0.913 corresponding to P-C2S hydration in this study, is greater than the critical aH 
of 0.70 [6] and 0.45 [21] corresponding to C3S and C3A/C$ systems, respectively. This 
could potentially provide another explanation as to why the hydration peak observed in 
Figure 1b has not been observed previously, that is, 0.913 < aH < 1.00 is required P-
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C2 S for hydration to proceed, which is a narrower range compared to the aH conditions 
required for hydration to progress for C3 S and C3A/C$ systems.
IPA Replacement Level [wt.%IPA]
0.00 0.08 0.16 0.24 0.32 0.38 0.45 0.50 0.55
Figure 3. The solubility product constant of P-C2 S (KCzS), calculated using solubility 
values for CSH4  and C2 SH7  from literature [45,69], is shown as a function of water 
activity (aH) as calculated from Equations 7 and 8, and related to IPA replacement 
level using the van Laar equations (Equations 5 and 6), which is graphically 
represented by the inset plot and included for the reader’s reference. The dashed lines 
on the inset plot are representative of behavior for a liquid mixture, as described by 
Raoult’s Law (i.e., a well-established thermodynamics law). The black lines are used to 
emphasize the point of intersection between the calculated KCzS curves, which 
corresponds to aH = 0.913, when the wt.%I P A  in the [H + IPA] contiguous solution is 
27.7% and KCzS = 10-1268. All calculations are deterministic; as such, there is no
associated uncertainty.
4. SUMMARY AND CONCLUSIONS
This study provides insight on the influence of water activity (aH) on (P-C2 S)
hydration via physical experiments and thermodynamic estimations for future thermo­
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kinetic studies as well as applied research. Suspensions’ — comprised of P-C2S powder 
and a liquid mixture consisting of water and isopropanol (IPA) — reaction kinetics were 
observed using isothermal microcalorimetry, a high-resolution technique used to measure 
the heat evolution of a system, and x-ray diffraction (XRD). Experimental results show 
that the critical aH, required for the overall reaction to proceed, is likely related to an IPA 
replacement level of approximately greater than 25% on a weight basis (wt.%IPA). From 
thermodynamic estimations, the critical aH threshold and solubility product constant of P- 
C2S (KCzs) are established as 0.913 and 10-1268, respectively. Finally, the percent of IPA 
required to arrest P-C2S hydration was back-estimated using the critical aH threshold and 
was determined to be 27.7 wt.%IPA, which is in excellent agreement with experimental 
findings. Based on this study’s findings, curing conditions should be considered when 
working with a cementitious system containing P-C2S hydration; conditions should be 
maintained so that 0.913 < aH < 1.000, otherwise arrestation of P-C2S hydration will 
occur.
The overall result of this study is the enhancement of the current understanding of 
P-C2S hydration, reactivity, and thermodynamic parameters during the hydration of 
cementitious systems containing P-C2S. Based on heat evolution measurements 
corresponding to the hydration of [P-C2S + H + IPA] systems, there appears to be an 
early peak occurring at approximately 4 h of hydration for the neat system, the 
occurrence of which has not been reported in prior literature to the best of the authors’ 
knowledge. This prompts reexamination of P-C2S hydration as modern characterization 
techniques improve to holistically enhance understanding of hydration of cementitious
systems containing P-C2S: OPC-based systems; and energy-friendly, alternative binders 
such as calcium aluminate-based systems.
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ABSTRACT
The early-age hydration of cement is inhibited in the presence of comb-shaped 
polycarboxylate ether (PCE) polymer -  a dispersant commonly added to control 
rheological properties of fresh cement paste. This inhibition of C3 S hydration—further 
the inhibition of C3 S dissolution and C-S-H nucleation and growth— has previously been 
attributed to PCE’s ability to electrostatically adsorb onto the surface of silicate particles 
and the molecular structure of PCE. This study employs a series of microcalorimetry 
experiments and phase boundary nucleation and growth (pBNG) simulations to elucidate 
the effects of dosage and molecular architecture of PCE on the hydration mechanism of 
tricalcium silicate (Ca3SiO5 or C3 S in cement notation), the major phase in cement.
Results show that PCE -  regardless of its molecular architecture -  suppresses early-age 
hydration of C3 S, wherein the effects of deceleration becomes increasingly more 
pronounced as dosage of PCE in the paste increases. Such suppression of C3 S hydration 
has previously been attributed to molecular architecture and adsorption of PCE molecules
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on silicate surfaces, which inhibit topographical sites of C3 S dissolution and C-S-H 
nucleation, and impede the post-nucleation growth of C-S-H. This study develops a 
robust correlation between molecular architecture of PCE and its ability to suppress C3 S 
hydration through quantitative analyses of decelerating effects induced by the three 
different PCEs and based on published literature. The numerical equation, describing 
such correlation, offers a reliable, and, more importantly, a readily quantifiable indicator 
of PCE’s potential to suppress C3 S hydration in relation to its dosage and molecular 
architecture.




The reaction of cement with water, that is, hydration, involves the occurrence of 
two concurrent processes -  dissolution of anhydrous phases present in cement, and 
precipitation of hydration products (subsequently referred to as hydrates) [1,2]. In a 
typical cement paste (i.e., [cement + water] system), the hydrate that occupies the largest 
volume fraction -  and, thus, considered the main hydrate -  is calcium-silicate-hydrate (C- 
S-H, wherein C = CaO, H = H2 O, and S = SiO2  as per standard cement notation) [1,2]. C- 
S-H represents a highly disordered framework, comprised of tetrahedral structures of 
SiO2  and layers of oxygen and calcium atoms interspersed by water[3-5] and has been 
characterized by various dreierkette-based models and the tobermorite-jennite structure 
as described in detail in a previous study [4]. The strong electrostatic bonding between
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the nanometer-scale components of C-S-H binds the paste cohesively, and lends the solid 
phase connectivity within the paste’s microstructure needed for the development of 
mechanical properties (e.g., compressive strength) [6-9]. In cement pastes, the nucleation 
of C-S-H occurs in heterogeneous manner on the solid substrate boundaries, that is, 
cement particles’ surfaces; as such, the mechanism of its precipitation is typically 
designated as phase boundary nucleation and growth (pBNG) [6,10-14]. As properties of 
cement paste are largely dictated by rate and amount of C-S-H precipitation, factors that 
affect C-S-H precipitation inevitably affect the development of the paste’s mechanical 
properties. One such factor -  that imparts significant effect on C-S-H’s nucleation and 
growth -  is the presence of polymer-based chemical admixtures in the paste. 
Polycarboxylate ether (PCE) superplasticizers are a well-known class of comb-shaped, 
polymer-based dispersants, typically used to control the rheological properties and 
fluidity of fresh cementitious systems [15,16] (e.g., high-performance concrete). A 
singular PCE molecule, if isolated, could be characterized as having comb-shaped 
architecture, consisting of an anionic backbone -  usually formulated using polyacrylic 
acid or polymethacrylic acid -  grafted with a number of hydrophilic ethylene oxide side 
chains [17-25]. When introduced in cement paste systems, PCE’s negatively charged 
backbone will adsorb onto positively charged cement particles’ surfaces through 
electrostatic interactions; meanwhile, the side-chains -  which protrude into the solution, 
oriented away from cement particles’ surfaces -  induce steric hindrance between 
neighboring cement particles, thus alleviating the effects of particle agglomeration [17­
22]. The adsorption of PCE onto cement particle surfaces, which improves rheology by 
mitigating particle agglomeration, also induces a side-effect -  retardation of hydration
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kinetics of cement [17,18,26-28]. More specifically, the adsorption of PCE onto cement 
particles’ surfaces inhibits topographical cement dissolution and C-S-H nucleation sites, 
thus suppressing cement’s reactivity as detailed in the literature [18,19,21,27,28]. There 
is consensus among researchers that the molecular architecture of PCE -  specifically, the 
number of side chains grafted onto each unit of backbone (n), the carboxylate-to-ether 
ratio (C/E), and the number of ethylene oxide monomers constituting the side chain (P) -  
significantly affects PCE’s adsorption behavior, and, thus, its potential to suppress 
cement hydration [18-20,23,25]. Notwithstanding, the exact mechanisms of PCE-cement 
interactions, especially in relation to PCE’s molecular architecture, are not well 
understood. Several prior studies have argued that the adsorption capacity of PCE is 
largely dependent on its side chain grafting density (i.e., inverse of C/E: carboxylate-to- 
ether ratio), wherein lower grafting densities (or higher C/E) entail higher residual 
negative charge on the backbone, and, thus, improved adsorption onto positively-charged 
cement particles’ surfaces [18,29-31]. Other studies, however, have argued that the 
length of the side chain (i.e., P: number of monomers constituting each side chain) -  as 
opposed to the side chain grafting density -  has greater influence on the PCE’s adsorption 
capacity [20,32]. The premise, here, is that shorter side chains ensure that accessibility to 
the negative charges on the PCE’s backbone is not hindered or limited by steric hindrance 
(induced by its side chains); this enables better adsorption of PCE molecules onto cement 
particles’ surfaces. In contrast to the above, some studies [18,19,33] have posited that the 
PCE’s charge density -  which acquires higher values at lower side chain grafting 
densities (or higher C/E) and shorter side chain lengths (P) -  influences the PCE’s 
adsorption capacity the most. More specifically, higher charge density leads to stronger,
and better-distributed, electrostatic interactions between cement particles and PCE 
molecules, and, therefore, improved adsorption. In a recent study, Marchon et al. [25] 
reported that PCE’s ability to suppress cement hydration cannot be quantified using a 
single architectural parameter; rather, a more encompassing, composite architectural 
parameter -  that accounts for the aforementioned parameters (i.e., C/E, n, and P) as well 
as the molecular weight and dosage of PCE in the system -  is required to fully describe 
the effects of PCE on C3 S hydration. The authors [24] showed that for a series of cement 
pastes, provisioned with different dosages of different PCEs, the composite architectural 
parameter scaled, broadly in a monotonic fashion, with respect to the deceleration of 
hydration kinetics. In this study, focus is given to rigorously test the ability of the 
composite architectural parameter to reliably quantify the deceleration caused by PCEs of 
different molecular architectures and consequent molecular weights.
In addition to aforementioned knowledge gaps -  pertaining to correlations 
between PCE’s molecular architecture and its ability to decelerate cement hydration 
kinetics -  the effect of PCE on nucleation and growth of the main hydrate, i.e., C-S-H, is 
not well understood. C-S-H In recent studies [26,27,34], it has been suggested that in 
cementitious paste with PCE additions, due to blockage of nucleation sites by PCE 
molecules, C-S-H nucleation changes from heterogeneous (i.e., on solid surfaces) to 
homogeneous (i.e., in the pore space). The authors [26,27] argued that the change 
demands supersaturation for C-S-H precipitation to occur, which, consequently, enforces 
slower and prolonged dissolution of cement until massive precipitation of C-S-H can 
occur. However, in prior studies [19,33], it has been shown that while PCE changes the 
nucleation and growth processes’ rate constants (e.g., rate of growth, frequency of
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nucleation sites), the precipitation of C-S-H occurs in a heterogeneous -  not 
homogeneous -  manner. In a more recent study, Meng et al. [28] argued that at further 
increased PCE dosages, the nucleation and consequent growth of C-S-H continues to 
occur heterogeneously, however the nucleation density and growth rate are suppressed. 
The authors[28] reported that the suppression is caused by the following: (i) adsorption of 
PCE molecules onto cement surfaces -  which blocks a fraction of C-S-H nucleation sites, 
leading to the suppression of C-S-H’s nucleation density, and (ii) adsorption of PCE 
molecules onto C-S-H -  which partially blocks C-S-H’s access to the pore solution, 
resulting in the inhibition of C-S-H’s post-nucleation growth.
The above discussion accentuates PCE’s significant influence on hydration of 
cementitious systems, as well as gaps in knowledge of underlying mechanisms that link 
PCE’s molecular architecture to its ability to suppress cement hydration and nucleation 
and growth of C-S-H. The main reason, that would explain these knowledge gaps, is that 
majority of the past studies have examined the role of PCE in multi-component 
cementitious systems, in which it is infeasible to de-couple the effects of PCE on 
dissolution-precipitation hydration process of the two most reactive cement phases, that 
is, tricalcium silicate (C3 S) and tricalcium aluminate (C3A, where A: Ah O3 as per 
standard cement notation). For example, in such multi-component cement systems, C3A 
hydrates rapidly to form ettringite -  which then serves as a favorable adsorbent for PCE 
molecules[20,21,35]; as PCE is drawn in substantial amounts from the solution and 
adsorbed onto ettringite, the influence of PCE on C3 S hydration rates is marginalized and, 
therefore, difficult to isolate from the overall response. Furthermore, in multi-component 
systems, interactions between PCE-and-C3A and PCE-and-ettringite may affect (i.e.,
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increase or decrease) the amount of free aluminate [Al(OH)4"] ions in the solution -  
which, in turn, makes it difficult to isolate and analyze the net effect of PCE (vis-a-vis 
that of aluminate ions) on C3 S hydration rates [23,24]. Therefore, evaluation of such 
behaviors should be carried out in single-compound systems, which are simpler to 
analyze than cement but feature the same effects. As noted previously, C3 S is the major 
cement phase (comprising 50-70%m a s s  of cement), and, as such, mimics the overall 
hydration behavior of cement [1]. The hydration of C3 S produces two hydrates, that is, C- 
S-H and CH (portlandite), in stoichiometric quantities, and -  like in cement pastes -  the 
nucleation and growth of C-S-H is the driving mechanism in C3 S pastes. As such, C3 S is 
deemed a simpler single-compound alternative for cement.
In this study, a combination of experimental and simulation techniques is used to 
elucidate the effect of PCE on hydration of C3 S. To fully examine and describe the links 
between PCE’s molecular architecture and its ability to suppress hydration of C3 S, PCEs 
with three different molecular architectures -  albeit, of the same polymer family -  are 
used. The hydration kinetics are monitored, using isothermal microcalorimetry technique, 
across a broad range of PCE dosages in C3 S pastes. A phase boundary nucleation and 
growth (pBNG) — a modified version of classical Cahn kinetics, which has only recently 
been applied in the literature [14,28,36] — simulation routine, with a modification 
involving anisotropic and saturation-dependent growth rate of hydrate, is employed to 
reproduce, and subsequently describe, hydration kinetics of such systems. Focus is given 
to consolidate results obtained from experiments and simulations, and analyze them in 
tandem to elucidate the mechanistic origins of PCE-induced suppression of C3 S 
hydration—including both early and later stages, wherein C3 S hydration is driven by
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dissolution and nucleation-and-growth, respectively. The mechanisms are ultimately 
distilled into a single numerical equation that correlates the molecular architecture and 
dosage of PCE with its potential to influence C3 S hydration kinetics. Such correlation is 
of significance for practical applications as it can be used as a robust, quantitative basis to 
compare and rank PCEs on the bases of their potential to suppress C3 S hydration rates, 
and to select optimum ones based on the type/nature of the application.
2. MATERIALS AND METHODS
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2.1. MATERIALS
Triclinic C3 S (T1-Ca3SiO5) was synthesized by following a high-temperature 
synthesis route using phase-pure precursor materials. Calcium oxide (CaO), the residual 
material left after calcite (CaCO3) decomposition, was mixed with silica (SiO2 , a-quartz) 
in stoichiometric proportion (CaO:SiO2  = 3:1), and pelletized at high pressure of 100 
MPa. The pellets were then thermally treated in a furnace for 12 h at 1600°C in platinum 
receptacles, and subsequently air-quenched [37,38]. The sintered pellets were 
subsequently crushed with mortar and pestle, and ground in a ball mill for 24 h. The 
resulting powder was analyzed via X-ray diffraction (Panalytical X’Pert Pro MPD, 
Spectris; PDF Card #: 01-086-0402) and was determined to be C3 S powder containing ~ 
0.80% ± 0.20% residual CaO by mass by Rietveld analysis using RIQAS software 
(Materials Data, Inc.). The particle size distribution (PSD: Figure 1a) of C3 S was 
measured using static light scattering analyzer (Microtrac S3500) [39]; the median 
particle size (d5 0 , pm) of C3 S particulates was determined as 7.78 pm. By combining the
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PSD of C3S with its density (i.e., 3150 kg. m-3), the specific surface area (SSAc3s) of C3S 
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Figure 1. (a) The cumulative (primary y-axis) and differential (secondary y-axis) 
particle size distribution (PSD) of C3S. The largest relative uncertainty in the median 
diameter (d50, pm) of C3S, based on six replicate measurements, was on the order of 
±6%. (b) Schematic representation of the comb-shaped architecture of PCE, wherein n 
is the number of repeating units, P is the side chain length, and C/E represents the
carboxylate-to-ether ratio.
Three different -  commercially-available -  polymeric, comb-shaped, PCEs (with 
solid mass contents of 30%) were used in this study (Figure 1b). All three PCEs belong to 
the same polymer family -  consisting of polymethacrylic backbone, grafted with 
polyethylene oxide side chains -  albeit their molecular architectures are different. The 
different PCEs are subsequently referred to as PCE-1, PCE-2, and PCE-3. The molar 
mass distributions and the absolute molar masses of the PCEs were determined via size 
exclusion chromatography (SEC) and size exclusion multi-angle light scattering (SEC- 
MALS; Agilent 1260 Infinity System), respectively. Details pertaining to the PCEs’ 
molecular architecture, as determined from SEC-MALS, high-performance liquid
chromatography (HPLC) and potentiometric titration techniques [23,40], are listed in 
Table 1.
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Table 1. Architectural parameters of the three PCEs -  as determined from multi-detection 
size exclusion chromatography (SEC), high-performance liquid chromatography (HPLC), 
and potentiometric titration techniques [23,40]. Here, C/E (unitless) is the ratio of the 
number of carboxylate functional groups to the number of ester functional groups, P 
(unitless) is the number of ethylene oxide monomers per side chain, n (unitless) is the 
number of side chains per PCE backbone (or the number of repeating units), and Mw (g.
mol-1) is the calculated molecular weight. Mw is equal to [n. {P. Mw,sc + (C/E +1). 
Mw,bb}] -  wherein, Mw,sc (g. mol-1) and Mw,bb (g. mol-1) are the molecular weights of the 
side chain and backbone, respectively [23,25]. The nomenclature of the architectural 
parameters of PCEs was adapted from previous studies [18,23,41].
PCE # C/E P N Mw
PCE-1 1.80 23 20.05 25145.07
PCE-2 2.10 23 18.10 23166.84
PCE-3 5.20 17 9.35 11990.65
2.2. METHODS
2.2.1. Experimental Methods. Pastes were prepared by mixing deionized-water 
(DI-water) and C3 S at a constant liquid-to-solid mass ratio (l/s) of 0.45. To describe the 
role of PCE on C3 S hydration kinetics, the three different PCEs (i.e., PCE-1, PCE-2, and 
PCE-3, described in Table 1) were added to the pastes at dosages (Cpce) of 0.000%, 
0.625%, 1.250%, 1.875%, and 2.500% (by mass of C3 S). It is pointed out that these 
dosages signify the total (i.e., solid + liquid) mass of the PCE. Based on the liquid 
content of the PCE (i.e., ~30%m a s s  of all PCEs), the aforementioned dosages would 
amount to 0.000%, 0.188%, 0.375%, 0.563%, and 0.750% of the solid component of the
PCE per unit mass of the binder. The upper bound of dosage, that is, 2.500%, was 
determined by saturation point test [28,42] for PCE-1 (with respect to cement paste), and 
is representative of dosages used in high-performance concretes [16]. The lower dosages 
of PCE correspond to 25%, 50%, and 75% of the upper bound, respectively. For 
provision of PCE into the paste, the mixing-protocol involved mixing of DI-water and 
PCE for 20 seconds, followed by an additional minute of mixing with C3 S. For 
experiments where the upper bound of PCE dosage was employed, PCE was also 
deployed in delayed mode. Specifically, in delayed mode, a 5-minute period, from when 
the DI-water first came into contact with C3 S, was allowed to elapse before PCE was 
introduced to the paste. Here, prior to the addition of PCE, the paste was mixed for 1 
minute, and for another 20 seconds after PCE was added -  thus, following the same 
mixing protocol used for immediate addition of PCE.
C3 S hydration kinetics in pastes containing approximately 1 gram of anhydrous 
C3 S was monitored for a minimum of 72 h (144 h experiment times were required for 
pastes containing PCE-3), at a constant temperature of 20°C ± 0.01°C, using a TAM IV 
isothermal microcalorimeter. Microcalorimetry techniques are able to monitor heat 
evolution, resulting from a chemical reaction, at a high resolution (10-8  J. s-1). The 
differential and cumulative heat evolution profiles were divided (or normalized) by the 
enthalpy of C3 S hydration [1,38], that is, 484 J. gC 3 S -1, to determine the rate of hydration 
(da/dt, units of h-1) and the degree of hydration (a, reaction mass fraction of C3 S) of C3 S, 
respectively, as functions of time. The values of a and da/dt calculated in such manner 
are premised on the assumption that the heat release, determined from microcalorimetry 
methods, is exclusively due to C3 S hydration. In the context of experiments conducted in
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this study, the aforementioned assumption is reasonable because the heat release 
associated with physical and chemical interactions between PCE and C3 S paste 
components is minuscule compared to heat released from the hydration of C3 S [28,43].
A thermogravimetric analyzer (TGA, SDT600) was used for identification and 
quantification of phases present in the binder after 24 h of hydration. Hydration was 
stopped by crushing the hydrated pastes, into small grains, immersing them in 
isopropanol for 24 h [44], followed by drying in the oven (T = 85°C) for an additional 24 
h. The samples were then ground into fine powder. The powder samples were heated in 
an inert atmosphere of N2  over a temperature range of 30 -  900°C. The cumulative and 
differential mass loss traces were used to quantify the amount of CH present in the 
system; towards this, well-established methods detailed in prior studies [44,45] were 
used.
2.2.2. Phase Boundary Nucleation and Growth (pBNG) Model. A modified 
phase boundary nucleation and growth (pBNG) model is applied to describe the influence 
of PCE on early-age hydration kinetics of C3 S. Akin to classical pBNG models applied to 
cementitious systems [6,10,11,46-49], the model used herein assumes that a single 
product of constant density forms heterogeneously on solid-phase substrate boundaries 
(i.e., C3 S particles’ surfaces) at a given nucleation event (i.e., at time = t h), and assumes 
that its subsequent growth drives and controls -  as the rate controlling mechanism -  the 
kinetics of C3 S hydration. This assumption -  typically termed as site saturation -  entails 
that after the initial burst of nucleation, no further nuclei of the product form. As per 
these criteria, the volume fraction of the product within the paste [X(t), unitless] is given 
by Equation 1 [14,28,36,38,46,50].
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where, FD(x) = exp(—x 2) I exp(y
Jo
2) dy (2)
In Equation 1, F d represents the f-Dawson function shown as the integral in 
Equation 2. The parameter ks (h-1) represents the inverse of time needed by the product to 
completely cover the surface of the anhydrous C3 S particles [10,46] (Equation 3). Its 
value depends on the nucleation density of the product (Idemity, pm-2), that is, the number 
of product nuclei per unit surface area of C3 S particulates, as well as the product’s growth 
rate and geometry. In this study, it is assumed that the growth of the product occurs in an 
anisotropic manner, while varying with respect to time. The growth rates in the outward 
(i.e., normal to and away from C3 S particles’ surface) and lateral (i.e., parallel to the C3 S 
particles’ surface boundary) directions are represented as Gout (t) and Gpar(t), respectively. 
Along the two-dimensional plane parallel to the C3 S surface, Gpar(t) is assumed to be 
isotropic [10,28,36]. It is worth noting that such temporal variation of the product growth 
rate is a departure from classical pBNG models -  wherein, throughout the entire duration 
of hydration, the growth rate is assumed to remain constant. This implementation of 
variable product growth rate -  based on the original study of Bullard et al. [50], and 
subsequently adopted by several researchers [14,28,36,38] -  captures the sharp changes 
in C-S-H’s growth rate as its supersaturation in the solution varies in a highly non-linear 
fashion with time. While Gout and Gpar vary with time, a ratio of 1:0.50 for Gout'.Gpar is 
maintained; as such, the anisotropy factor [i.e., g  (unitless), shown in Equation 4] of the 
product nuclei, remains constant at 0.25 throughout the entirety of C3 S hydration
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measured via microcalorimetry. This relationship between Gout and Gpar causes the 
product to acquire needle-like geometry [10,46] -  essentially mimicking needle- or fiber­
like geometry of C-S-H observed experimentally at early ages [51,52].
i
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In Equation 1, the parameter kG (h-1) represents the inverse of time required for 
occupation of the capillary pore volume by the product. kG is a function of Gout, and 
another constant rG (unitless); here, rG (Equation 5) represents the ratio of product growth 
rate into vis-a-vis out of the substrate in the direction normal to the substrate. In previous 
studies [10,46], focused on early age hydration of cement (and C3 S), it has been reported 
that hydrates do not penetrate the anhydrous particles, and, therefore, rG ~ 0.50. As 
simulations presented in the current study pertain to early ages, the value of rG is assumed 
to be constant at 0.50. The value of kG, and thus kinetics of C3 S hydration, also depend on 
the boundary area of the substrate per unit volume of the paste (aB v , pm-1) (Equation 6). 
The paste’s volume is simply the initial cumulative volume of the paste (i.e., volumes of 
C3 S and water), and the substrate’s area is the initial surface area of C3 S particles that is 
available for nucleation of product. In Equation 6, SSAc3S (units of m2 . kg-1) is the 
specific surface area of C3 S particles, pw is the density of water (i.e., 1000 kg. m-3) and 
pc3S is the density of C3 S (i.e., 3150 kg. m-3). By combining SSAc3S and Idensity, the total 
number of supercritical product nuclei (Nnuc, unit of gc 3 S -1) produced per gram of C3 S can 
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The fraction of the paste’ volume occupied by the product [X(t)], as calculated from Eq. 
1, and the degree of hydration (a) of C3 S are linked by yet another constant, B (unitless) 
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where, pproduct is the average wet density of hydrates (assumed to be 2070 kg. m-3, based 
on the stoichiometric ratio of formation and individual densities of the two hydrates, C-S- 
H and CH) [3,54], and the parameter c = -7.04 x 10-5  m3 . kg-1 stands for the chemical 
shrinkage of the paste that occurs when 1 kg of C3 S is fully hydrated [38,50,55].
Based on the above equations (i.e., Equations 1-9), to numerically reproduce the 
experimentally-derived reaction rates, the variables that need to be ascertained are: Gout 
(t) and Idensity. Of these two variables, Gout(t) is a function of time, whereas Identity is 
constant (with respect to time). For a given system, to determine the optimum functional 
form of Gout and the optimum value of Identity and, a Nelder-Mead based simplex 
algorithm [38,56,57], based on non-linear optimization and derivative-free routines, is 
implemented in two steps. In the first step, the value of Gout is kept constant at 0.075 qm.
h-1 -  a value derived from microscopy-based analyses of early age C-S-H growth in C3 S 
and similar systems [51,52,58]. The algorithm varies the values of Idensity within 
predefined bounds (i.e., 0.01-to-100 pm. h-1) until the deviation between measured and 
simulated rates of reaction (da/dt) is minimalized. It is worth highlighting that up to the 
first simulation step, the model represents the conventional pBNG formulation [11] -  
wherein the anisotropic growth of product, several nuclei of which precipitate at a virtual 
time t (h), is assumed to be constant. To factor in the temporal variation in product 
growth rate, the second and final simulation step is employed. In this step, at a given time 
t, the optimum value of Idensity, determined from the first step, is used as constant, whereas 
Gout is iteratively varied between 10-5 and 103 pm. h-1. At convergence, that is, when the 
deviation between the simulated and measured reaction rates reaches its minimum (i.e., 
within 0.05%), the value of Gout yielded by the optimization process is finalized as the 
optimum. By implementing the optimization process over a minimum of 72 h of 
hydration, using a time step of 0.01 h, the optimum values of Gout for the entire duration 
of C3 S hydration are thus determined. The functional form of Gout, obtained from the 
optimization routine, mimics the product’s non-monotonic and non-linear evolution of 
growth rate as a function of its supersaturation in the solution. In prior publications 
[14,28,36,38,50], which employ similar simulation scheme, it has been shown that such 
functional form of the product growth rate -  as obtained from the simulations -  
reproduced the intrinsic changes in the evolution of the solution’s chemistry (e.g., 
changes in pH, ionic strength, and water activity). Therefore, whereas this scheme of 
deriving the functional form of the product growth rate is indirect, the final results are 
still reflective of the physical processes occurring in the system [14,38,50,52,58].
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3. RESULTS AND DISCUSSION
Figure 2 shows representative heat evolution profiles of C3 S pastes provisioned 
with PCE-1 at different dosages (i.e., 0 -  2.5%).
PCE-1 Additions . 
0.000%








Figure 2. Isothermal microcalorimetry based determinations of time-dependent (a) heat 
flow rate and (b) cumulative heat release of C3 S pastes provisioned with PCE-1 at 
different dosages (Cpce). The l/s for pastes included in these figures, as well as the 
subsequent ones, is 0.45. The uncertainty in measured heat flow rate at the main
hydration peak is ±2%.
As can be seen, PCE significantly suppresses C3 S hydration rates, as marked by 
various characteristic aspects of the pastes’ heat evolution profiles that is, lengthening of 
the induction period (the period between the initial wetting peak and the onset of 
acceleration), rightward shift of the heat evolution curves, and reduced heat flow rates at 
the main hydration peak. The deceleration induced by PCE increases monotonically with 
its dosage, which entails good correlation between amount of PCE present in the paste 
and the resultant suppression of C3 S hydration rates. This correlation is indicative of
inhibition of C3 S dissolution sites (thus causing prolongation of the induction period), 
and C-S-H nucleation sites (thus causing slower approach to the main hydration peak) -  
both of which most likely manifest as a result of adsorption of PCE molecules on C3 S 
particles’ surfaces, and scale with PCE dosage [22,25-28]. It is worth pointing out that 
provision of PCE in the paste decelerates not only the approach to the main hydration 
peak but also the departure from it (i.e., lower slope of the deceleration regime, as shown 
in Figure 2a). Slower post-peak deceleration in [C3 S + PCE] pastes implies that, at later 
ages, the rate of hydration of C3 S in such pastes is relatively faster than in the control 
system (i.e., [C3 S + 0% PCE] paste); as such, much of the loss in early-age reactivity, that 
is induced by PCE, is recouped at later ages. This is better shown in Figure 2b, wherein, 
at later ages (i.e., ~ 72 h), the cumulative heat release of [C3 S + PCE] pastes converge -  
or, appear to be on track to converge -  with that of the control system.
Results shown in Figure 2, and the above discussion, describe the role of PCE 
dosage on C3 S hydration rates. To better understand the role of PCE’s molecular 
architecture on C3 S hydration kinetics, heat evolution profiles of [C3 S + PCE] pastes, 
prepared with equivalent dosages but different types of PCE, were compared (Figure 3).
It is evident that regardless of the molecular architecture, all three PCEs suppress 
C3 S hydration at early ages (Figure 3a). In addition to the pre-peak deceleration (e.g., 
slower approach to the main hydration peak), the slower deceleration beyond the main 
hydration peak -  resulting in convergence (or, in case of PCE-3, a trajectory that would 
eventually result in convergence) of cumulative heat release at later ages -  is common 
among the three PCEs. While, qualitatively, the general nature of hydration suppression 
is similar amongst the three PCEs, there are substantial differences in the magnitude of
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such decelerations. As can be seen in Figure 3, C3 S hydration is significantly more 
suppressed by PCE-3 as compared to PCE-1 and PCE-2; the latter two produce similar 
magnitudes of suppression. Although the results shown in Figure 3 pertain to a single 
PCE dosage (i.e., 1.25%), the stark difference -  between the magnitude of deceleration of 
C3 S hydration kinetics induced by PCE-3 vis-a-vis those by PCE-1 and PCE-2 -  was also 
observed at other dosages. Since all PCEs belong to the same polymer family (i.e., same 
composition of backbone and side chains), it is clear that the differences (or similarities) 
in their potential to suppress C3 S hydration arise due to intrinsic differences (or 
similarities) in their molecular architecture -  which, in turn, most likely dictates their 
adsorption capacity, and, thus, their ability to inhibit sites of C3 S dissolution and C-S-H 
nucleation. As PCE-3 has the highest potential to suppress C3 S hydration, it is speculated 
that its molecular architecture is more favorable towards adsorption on C3 S particles’ 
surfaces. Along the same lines, as PCE-1 and PCE-2 produce equivalent deceleration at 
equivalent dosages, it is expected that their molecular architectures, and thus their 
adsorption potentials, are most likely broadly similar. Further details pertaining to the 
role of PCE’s molecular architecture on C3 S hydration suppression are discussed later in 
this section.
To better contrast the suppression of C3 S hydration as prompted by the three 
PCEs, characteristic calorimetric parameters, that is, inverse of time corresponding to the 
main hydration peak (h-1), heat flow rate at the main hydration peak (mW. gC 3 S -1), and 
slope of the acceleration regime (mW. gC 3 S -1. h-1) -  indicative of acceleration or 
retardation in hydration kinetics [28,36,47,59,60] -  were extracted and plotted against the 
PCE dosage (Figure 4).
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Figure 3. Isothermal microcalorimetry based determinations of time-dependent (a) heat 
flow rate and (b) cumulative heat release of C3 S pastes provisioned with different PCEs 
(i.e., PCE-1, PCE-2, and PCE-3) at equivalent dosage (Cp c e ) of 1.25%.
Figure 4. The calorimetric parameters: (a) inverse of time to the main hydration peak, 
(b) heat flow rate at the main hydration peak, and (c) slope of the acceleration regime, 
extracted from heat evolution profiles, and plotted against PCE dosage. For a given 
system, the uncertainty in each calorimetric parameter is ±2%.
As can be seen, with increasing PCE dosage, the induction period’s length 
increases (Figure 2); this increases the delay in incidence of the main hydration peak 
(Figure 4a). This indicates that interactions between PCE and C3 S delay the hydrate 
nucleation event (i.e., massive precipitation of hydrates, which occurs around the time 
when the induction period terminates) [2,12,28,61]. These results are in good agreement
with prior studies [20,25,27,28], which have reported that the adsorption of PCE 
molecules on C3 S particles’ surfaces blocks C3 S dissolution sites, which, in turn, causes 
deceleration of C3 S dissolution rate and -  as a consequence -  prolongs the induction 
period. Akin to the trends in (inverse of) time of the main hydration peak, the other two 
calorimetric parameters -  heat flow rate at the peak and slope of the acceleration regime 
-  also decrease progressively with increasing amount of PCE in the paste (Figures 4b-4c). 
These results suggest that PCE not only delays the time of product nucleation but also 
suppresses the product’s post-nucleation precipitation rate -  as can also be seen in 
Figures 2 and 3. Past literature [27,28] suggests that such delay occurs due to interactions 
between PCE and C-S-H nuclei. More specifically, the adsorption of PCE molecules (i.e., 
those that are not adsorbed on C3 S particles’ surfaces and still remain in the solution) on 
positively charged C-S-H nuclei most probably partially blocks their access to the 
contiguous solution, and, thus, diminishes their growth rate (and, hence, their 
precipitation rate). Furthermore, as PCE molecules remain adsorbed on C-S-H surfaces, 
the aforementioned inhibition of C-S-H’s growth persists even at later stages of 
hydration. This is better revealed in Figures 2a and 3a, wherein it is shown that the post­
peak deceleration of [C3 S + PCE] paste is slower than in the control paste; as such, the 
cumulative heat release of [C3 S + PCE] pastes progress toward convergence with control 
system at later ages (Figures 2b and 3b).
The equivalency in calorimetric parameters of pastes prepared with PCE-1 and 
PCE-2 (Figure 4) suggests that the decelerating effects of the two PCEs are broadly 
similar. Such similarity in decelerating effects of PCE-1 and PCE-2 is corroborated in 
Figure 5, which shows that in [C3 S + PCE-1] and [C3 S + PCE-2] pastes -  when prepared
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w i t h  e q u i v a l e n t  d o s a g e  o f  P C E  -  t h e  d e g r e e  o f  h y d r a t i o n  o f  C 3 S  ( a )  a n d  p o r t l a n d i t e  ( C H )  
c o n t e n t s  a t  2 4  h  a r e  s i m i l a r .
F i g u r e  5 . ( a )  I s o t h e r m a l  m i c r o c a l o r i m e t r y  b a s e d  d e t e r m i n a t i o n s  o f  t i m e - d e p e n d e n t  
d e g r e e  o f  r e a c t i o n  ( a )  o f  C 3 S ,  ( b )  D T G  t r a c e s  s h o w i n g  d i f f e r e n t i a l  m a s s  l o s s  p r o f i l e s ,  
a n d  ( c )  m a s s  c o n t e n t s  o f  p o r t l a n d i t e  ( C H :  a s  % m a s s  o f  t h e  b i n d e r )  a s  d e t e r m i n e d  f r o m  
a n a l y s e s  o f  D T G  t r a c e s ,  i n  [ C 3 S  +  P C E ]  p a s t e s  a t  2 4  h .  T h e  h i g h e s t  u n c e r t a i n t y  i n  
p h a s e  q u a n t i f i c a t i o n s  b y  D T G  i s  ± 2 . 5 % .
T h e s e  r e s u l t s  a r e  n o t  s u r p r i s i n g  b e c a u s e  P C E -1  a n d  P C E - 2  h a v e  s i m i l a r ,  b u t  
s l i g h t l y  d i f f e r e n t  m o l e c u l a r  a r c h i t e c t u r e s  -  w i t h  s i m i l a r  v a l u e s  o f  C/E, n, P, a n d  M w ( s e e  
T a b l e  1 )  -  a n d ,  t h u s ,  a r e  e x p e c t e d  t o  h a v e  s i m i l a r  p o t e n t i a l s  t o  a d s o r b  o n  s i l i c a t e  ( i . e . ,  C 3 S  
a n d  C - S - H )  s u r f a c e s  a n d  s i m i l a r  c a p a c i t i e s  t o  b l o c k  t h e i r  a c c e s s  t o  t h e  c o n t i g u o u s  
s o l u t i o n .  C o m p a r i s o n s  b e t w e e n  P C E - 1 / P C E - 2  a n d  P C E -3  a r e ,  h o w e v e r ,  n o t  t r i v i a l  
b e c a u s e  o f  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e i r  m o l e c u l a r  a r c h i t e c t u r e s  ( T a b l e  1 )  a s  w e l l  a s  
t h e i r  a b i l i t i e s  t o  s u p p r e s s  C 3 S  h y d r a t i o n  ( F i g u r e  4 ) .  A s  c a n  b e  s e e n  i n  F i g u r e  5 ,  a t  a  g i v e n  
d o s a g e ,  d e c e l e r a t i o n  i n d u c e d  b y  P C E -3  i s  c o n s i d e r a b l y  m o r e  s e v e r e  ( i . e . ,  l o w e r  a a n d  
l o w e r  C H  c o n t e n t  a t  2 4  h )  a s  c o m p a r e d  t o  t h o s e  i n d u c e d  b y  P C E  -1  a n d  P C E - 2 . A s  t h e  
C/E o f  P C E -3  i s  s i g n i f i c a n t l y  l a r g e r  ( i . e . ,  C/E =  5 . 2 0 )  a s  c o m p a r e d  t o  t h o s e  o f  P C E -1  a n d  
P C E - 2  ( i . e . ,  C/E =  1 .8 0  a n d  2 . 1 0 ) ,  i t  c a n  b e  s a i d  t h a t  t h e  l o w e r  s i d e  c h a i n  g r a f t i n g  d e n s i t y
of PCE-3 permits a higher negative charge on the backbone, and, thus, improved 
adsorption onto positively charged silicate surfaces[18,29-31]; this manifests as greater 
deceleration in [C3 S + PCE-3] pastes. Furthermore, the length of the side chain (i.e., 
given by P) of PCE-3 is shorter (i.e., P = 17) than those of PCE-1 and PCE-2 (i.e., P =
23). As prior studies [20,32] have indicated, smaller side chains ensure that access to the 
negative charges on the PCE’s backbone is not hindered or limited by steric hindrance 
(induced by the side chains); this enables better adsorption of PCE molecules onto 
silicate surfaces, thus resulting in superior deceleration. Lastly, on account of lower side 
chain grafting density, shorter side chain length, and smaller number of repeating units 
(i.e., n), the overall molecular weight of PCE-3 is lower (i.e., Mw = 11990 g. mol-1) than 
PCE-1 and PCE-2 (i.e., Mw = 25145 and 23166 g. mol-1). This entails that for a given 
(mass-based) dosage, the number of PCE-3 molecules in the paste is higher than those 
prepared with PCE-1 or PCE-2. On account of their larger population in the paste, PCE-3 
molecules are able to adsorb more effectively on C3 S and C-S-H surfaces, and, thus, 
suppress C3 S hydration to a greater extent as compared to the other two PCEs.
The discussion in the above paragraph provides a basis -  albeit qualitative -  for 
explaining the links between molecular architecture of PCE and its ability to suppress 
C3 S hydration. However, through such qualitative basis, it is not possible to quantify the 
superiority of a given PCE -  in terms of inducing deceleration of C3 S hydration kinetics -  
as compared to another PCE of a different molecular architecture. For example, while it 
is known that higher and lower values of C/E and P, respectively, cause superior 
suppression of C3 S hydration, such knowledge does not allow quantitative prediction of 
how much more deceleration a PCE (say, with higher C/E and lower P compared to
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another PCE) will induce compared to another. In a recent paper, Marchon et al. [41] 
suggested that the net deceleration of C3 S (or cement) hydration kinetics induced by PCE 
is proportional to: (i) the concentration of PCE molecules -  expressed as the ratio of its 
dosage in paste (Cp c e : expressed as %m ass) to its molecular weight (Mw) -  and (ii) a 
function (f) of C/E, shown in Equation 10. The former proportionality (i.e., with respect 
to PCE concentration) is expected because larger number of PCE molecules in the paste 
would entail greater probability of their adsorption on silicate (i.e., C3 S and C-S-H) 
surfaces, and, therefore, greater deceleration. It is worth noting that PCE concentration 
inherently incorporates the effects of dosage and architectural parameters of PCE (i.e., n,
P, C/E, and molecular weights of the side chain and backbone -  as shown in Table 1 and 
described in [23,25]), and, therefore, serves as an encompassing parameter on its own.
The latter proportionality (i.e., with respect to f(C/E)) captures the dependency of 
adsorption potential of PCE on the strength of electric field induced by its molecules on 
the adsorbent’s surface. As described in prior publications [23,41,62], higher value of 
f(C/E) implies greater magnitude, better exposure, and wider distribution of electric field 
induced by the PCE, and, therefore, better adsorption of its negatively charged backbone 
on the positively charged silicate surfaces. Marchon et al. [41] proposed that the overall 
deceleration of C3 S (or cement) hydration kinetics, as induced by a given PCE, could be 
quantified by consolidating the aforementioned proportionalities into a composite 
architectural parameter (Pp c e : expressed in arbitrary units), as shown in Equation 11. 
Marchon et al. [41] originally defined Pp c e  by the molar mass of the repeating unit. 
However, Equation 11 includes the molecular weight in the expression to create a more
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d e sc r ip tiv e  p a ra m e te r . B y  c o n s id e r in g  th e  m o le c u la r  w e ig h t  o f  (Mw ) an  e n tire  P C E  
m o le c u le  in  th e  e x p re ss io n , Pp c e  c a n  b e  a p p lie d  to  P C E s  w ith  v a ry in g  b a c k b o n e  len g th s . 
In  E q u a tio n  11, th e  v a r ia b le s  ( i.e ., Cp c e , C/E a n d  M w ) a re  e x p re s s e d  in  th e ir  ty p ic a l u n its  
as d e s c r ib e d  in  th e  E x p e r im e n ta l  S ec tio n .
f(C/E) = ( C/E VC/E + 1)
3
2
Composite Architectural Parameter (PPCe) CPCE~mZ f(C/E)
3
cpce ( C/E \ 2 
Mw \C/E + 1)
(10)
(11)
T o  te s t  th e  e ff ic a c y  o f  E q u a tio n  11, in  te rm s  o f  p re d ic tin g  th e  d e c e le ra t io n  c a u se d  
b y  P C E , th e  c a lo r im e tr ic  p a ra m e te rs  -  w h ic h  c a p tu re  a lte ra tio n s  in  C 3 S h y d ra tio n  k in e tic s  
(a s  sh o w n  in  F ig u re  4 )  -  w e re  p lo tte d  a g a in s t th e  c o m p o s ite  a rc h ite c tu ra l p a ra m e te r  
(Pp c e ) o f  P C E . A s c a n  b e  seen  in  F ig u re  6, in  sp ite  o f  su b s ta n tia l  d iffe re n c e s  in  d o sa g e s  
a n d  m o le c u la r  a rc h ite c tu re s  o f  P C E s , e a c h  c a lo r im e tr ic  p a ra m e te r  -  e x tra c te d  f ro m  h e a t 
e v o lu tio n  p ro f ile s  o f  d if fe re n t p a s te s  -  c o n v e rg e s , b ro a d ly , in to  a  u n if ie d  m a s te r  tre n d .
A d m itte d ly , th e  d a ta p o in ts  o f  tw o  o f  th e  c a lo r im e tr ic  p a ra m e te rs , i.e ., p e a k  h e a t 
f lo w  ra te  (F ig u re  6 b ) a n d  s lo p e  o f  th e  a c c e le ra tio n  re g im e  (F ig u re  6 c ), a re  n o t  as 
c o n v e rg e n t  as in  th e  c a se  o f  in v e rse  o f  t im e  to  p e a k  (F ig u re  6a). T h e se  m in o r  d e v ia tio n s  -  
f ro m  th e  u n if ie d  m a s te r  t re n d  -  c a n  b e  a ttr ib u te d  to  e rro rs  a s so c ia te d  w ith  th e  
e x p e r im e n ta l ly -d e te rm in e d  p a ra m e te rs  (e .g ., P C E  a rc h ite c tu ra l p a ra m e te rs  su ch  as C/E, 
a n d  c a lo r im e tr ic  p a ra m e te rs ) . In  sp ite  o f  th e  a fo re m e n tio n e d  d e v ia tio n s , in  g e n e ra l, i t  c a n  
b e  sa id  th a t  th e  d e c e le ra t io n  o f  C 3 S h y d ra tio n  k in e tic s  in c re a se s , b ro a d ly  in  a  lo g a r i th m ic
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manner, with respect to increasing values of the composite architectural parameter (Pp c e ) 
of PCE. This correlation suggests that Equation 11 can be used as a robust, quantitative 
basis to compare and rank PCEs on the basis of their potential to suppress C3 S hydration 
rates. Equation 11 also allows prediction of additional (or reduction in) deceleration -  
with respect to a benchmark system -  if the PCE’s dosage or molecular architecture are 
altered. As an example, if deceleration of C3 S hydration caused by a given PCE is 
measured (e.g., using calorimetry), additional retardation at a higher dosage of the same 
PCE (or, a different PCE) can be readily predicted by plugging in the PCE dosage (or, 
architectural parameters) in Equation 11.
Figure 6. The calorimetric parameters: (a) inverse of time to the main hydration 
peak, (b) heat flow rate at the main hydration peak, and (c) slope of the acceleration 
regime extracted from the calorimetry profiles, and plotted against the composite
architectural parameter of the PCE (Pp c e : calculated using Equation 11). The 
uncertainty in the value of Pp c e  is on the order of ±15%.
The experimental results discussed thus far shed light on the effects of PCE 
dosage and molecular architecture on the overall hydration kinetics of C3 S. To better 
understand such effects, specifically in the context of alterations in nucleation and growth
o f  t h e  m a i n  h y d r a t e  ( i . e . ,  C - S - H ) ,  t h e  p B N G  m o d e l  w a s  a p p l i e d .  F i g u r e  7  s h o w s  t h e  
s i m u l a t e d  r e a c t i o n  r a t e s  o f  p a s t e s  c o m p a r e d  a g a i n s t  t h o s e  o b t a i n e d  f r o m  e x p e r i m e n t s .
A s  c a n  b e  s e e n ,  t h r o u g h  o p t i m i z a t i o n  o f  t h e  o u t w a r d  g r o w t h  r a t e  o f  t h e  p r o d u c t  
[G out (t)] a n d  t h e  p r o d u c t  n u c l e a t i o n  d e n s i t y  (Idensity), t h e  e x p e r i m e n t a l  r e s u l t s  a r e  w e l l  
r e p r o d u c e d  b y  t h e  m o d e l .  V a r i a t i o n s  i n  t h e s e  s i m u l a t i o n  p a r a m e t e r s  a r e  i n v e s t i g a t e d  
b e l o w  t o  d e l i n e a t e  t h e  m e c h a n i s t i c  o r i g i n s  o f  m o d i f i c a t i o n s  i n  t h e  n u c l e a t i o n  a n d  g r o w t h  
p r o c e s s  i n  r e l a t i o n  t o  P C E ’ s  m o l e c u l a r  a r c h i t e c t u r e  a n d  d o s a g e .
( a )  ( b )  ( c )
F i g u r e  7 . R e p r e s e n t a t i v e  s e t  o f  s i m u l a t e d  a n d  m e a s u r e d  r e a c t i o n  r a t e s  ( d a / d t ;  p r i m a r y  
y - a x i s )  a n d  d e g r e e  o f  r e a c t i o n  ( a ;  s e c o n d a r y  y - a x i s )  f o r  C 3 S  p a s t e s  p r e p a r e d  w i t h  
v a r y i n g  P C E  a r c h i t e c t u r e s  a n d  d o s a g e s  o f :  ( a )  0 . 0 0 0 %  P C E ,  ( b )  1 .2 5 0 %  P C E - 1 , a n d  
( c )  1 . 2 5 0 %  P C E - 3 . S i m u l a t i o n s  a r e  d e t e r m i n i s t i c ,  a n d ,  t h e r e f o r e ,  t h e r e  i s  n o  
u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e m .
B a s e d  o n  o p t i m i z a t i o n  o f  p a r a m e t e r s  b y  t h e  p B N G  m o d e l ,  i t  w a s  f o u n d  t h a t  P C E  
h a s  p r o f o u n d  e f f e c t  o n  t h e  h y d r a t e  n u c l e a t i o n  e v e n t ,  w h i c h  o c c u r s  a t  e a r l y  a g e s ,  t h a t  i s ,  i n  
p r o x i m i t y  t o  t h e  t i m e  o f  t e r m i n a t i o n  o f  t h e  i n d u c t i o n  p e r i o d .  A s  c a n  b e  s e e n  i n  F i g u r e  8 a ,  
t h e  p r o d u c t  n u c l e a t i o n  d e n s i t y  d e c r e a s e s  m o n o t o n i c a l l y  w i t h  i n c r e a s i n g  P C E  d o s a g e .
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F i g u r e  8 . P a r a m e t e r s  d e r i v e d  f r o m  p B N G  s i m u l a t i o n s :  ( a )  n u c l e a t i o n  d e n s i t y  o f  t h e  
p r o d u c t  (Id e m ity), a n d  ( b )  t o t a l  n u m b e r  o f  s u p e r  p r o d u c t  n u c l e i  f o r m e d  p e r  g r a m  o f  C 3 S  
(Nn u c: c a l c u l a t e d  f r o m  E q u a t i o n  7 ) ,  p l o t t e d  a g a i n s t  P C E  d o s a g e  (Cp c e ). S i m u l a t i o n s  a r e  
d e t e r m i n i s t i c ,  a n d ,  t h e r e f o r e ,  t h e r e  i s  n o  u n c e r t a i n t y  a s s o c i a t e d  w i t h  t h e m .
T h i s  m a n i f e s t s  a s  a  p r o g r e s s i v e  d e c l i n e  i n  t h e  n u m b e r  o f  s u p e r c r i t i c a l  p r o d u c t  
n u c l e i  (Nnuc: c a l c u l a t e d  f r o m  E q u a t i o n  7 )  -  f o r m i n g  h e t e r o g e n e o u s l y  o n  C 3 S  s u r f a c e s  -  
w i t h  r e s p e c t  t o  i n c r e a s i n g  P C E  d o s a g e s  ( F i g u r e  8 b ) .  T h e s e  r e s u l t s  c o r r o b o r a t e  t h e  
h y p o t h e s e s  p r e s e n t e d  a b o v e ,  a s  w e l l  a s  t h o s e  a d v a n c e d  i n  p r e v i o u s  s t u d i e s  [ 2 7 , 2 8 ]  -  t h a t  
t h e  a d s o r p t i o n  o f  P C E  m o l e c u l e s  o n  C 3 S  s u r f a c e s  m o s t  l i k e l y  d o e s  n o t  o n l y  b l o c k s  C 3 S  
d i s s o l u t i o n  s i t e s  b u t  a l s o  i n h i b i t s  t o p o g r a p h i c a l  s i t e s  o f  C - S - H  n u c l e a t i o n .  A s  w o u l d  b e  
e x p e c t e d ,  a t  h i g h e r  P C E  d o s a g e s ,  l a r g e r  f r a c t i o n  o f  C 3 S  p a r t i c l e s ’  s u r f a c e  i s  b l o c k e d ,  a n d ,  
t h u s ,  a  g r e a t e r  n u m b e r  o f  C - S - H  n u c l e a t i o n  s i t e s  a r e  i n h i b i t e d .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  
a t  a n y  g i v e n  d o s a g e ,  P C E -3  r e s u l t s  i n  l o w e r  p r o d u c t  n u c l e a t i o n  d e n s i t y  ( F i g u r e  8 a )  -  a n d ,  
t h e r e f o r e ,  s m a l l e r  n u m b e r  o f  p r o d u c t  n u c l e i  ( F i g u r e  8 b )  -  a s  c o m p a r e d  t o  t h e  o t h e r  t w o  
P C E s .  T h e s e  r e s u l t s  a r e  i n  v e r y  g o o d  a g r e e m e n t  w i t h  t h e  t r e n d s  d e r i v e d  d i r e c t l y  f r o m  t h e  
e x p e r i m e n t s  ( F i g u r e  4 ) ,  a n d  s u p p o r t  t h e  a b o v e  a n a l y s e s  s u g g e s t i n g  t h a t  t h e  a d s o r p t i o n  
c a p a c i t y  -  a n d ,  t h e r e f o r e ,  t h e  p o t e n t i a l  t o  s u p p r e s s  C - S - H  n u c l e a t i o n  ( a n d  C 3 S  h y d r a t i o n )
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-  of PCE-3 is superior. As stated previously, the superior deceleration induced by PCE-3 
can be attributed to its intrinsic molecular architecture -  more specifically, its lower side 
chain grafting density (i.e., higher C/E), smaller side chain length (i.e., lower P), and 
lower molecular weight (i.e., Mw ) -  which enables better adsorption of its molecules onto 
C3 S surfaces, and, therefore, more effective blocking of topographical C-S-H nucleation 
sites.
Earlier in this section, it was shown that the composite architectural parameter of 
PCE (Ppce: calculated using Equation 11) correlated very well with the resultant 
deceleration of C3 S hydration (Figure 5). To further verify the applicability of the 
composite parameter -  in terms of capturing the combined effects of PCE dosage and 
molecular architecture -  the product nucleation density and the number of product nuclei 
were plotted against Pp c e . As can be seen in Figure 9, akin to the calorimetric parameters 
(Figure 5), each pBNG parameter (i.e., Idensity and Nnuc) converges onto a unified master 
trend; wherein, with increasing values of Pp c e , both Idensity and Nnuc decrease 
monotonically.
It is clarified that the master trends, which emerge in Figure 9, are not devoid of 
deviations; these deviations are, however, minor, and can be attributed to the statistical 
variance in the experimentally-derived parameters (e.g., C/E of PCE). Notwithstanding, 
these results -  in conjunction with those shown in Figure 5 -  provide compelling 
evidence that the composite architectural parameter of PCE (Pp c e ) is a reliable, and more 
importantly, a readily quantifiable indicator of the PCE’s potential to suppress C3 S 
hydration.
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Figure 9. Parameters derived from pBNG simulations: (a) nucleation density of the 
product (Id e m ity), and (b) total number of super product nuclei formed per gram of C3 S 
(Nn uc), plotted against the composite architectural parameter of PCE (Pp c e : calculated
from Equation 11).
Finally, the product’s outward growth rate [Go u t (t)], as obtained from pBNG 
simulations, are shown in Figure 10. As can be seen, Go u t decreases by about three orders 
of magnitude -  while evolving in a highly non-linear manner with respect to time -  over 
the course of C3 S hydration within the first 72 h. Such temporal evolution of the growth 
rate has been reported [28,36,38,50] to mimic the time-dependent evolution of C-S-H 
supersaturation in the solution. It is noted that at any given time, Go u t -  particularly 
between ages of 1 h and 24 h -  is lower at higher PCE dosages (Figure 10a). Also, at 
equivalent dosages, Go u t is lower in pastes prepared with PCE-3 as compared to those 
prepared with PCE-1 and PCE-2. To better contrast the influence of the different PCEs, 
values of Go u t were extracted at different times, i.e., at 12 h (early age), and at t = 72 h 
(later age), and, ultimately, plotted against the PCE dosage. As can be seen in Figure 11a, 
at early ages, Go u t in [C3 S + PCE] pastes is consistently lower than in control pastes.
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(a) (b) (c)
Figure 10. The temporal evolution of outward growth rate of the product (Gout), as 
obtained from pBNG simulations, for: (a) pastes prepared with PCE-1 at different 
dosages, (b) pastes prepared with PCE-3 at different dosages, and (c) pastes prepared 
with different PCEs at a fixed dosage of 0.625%. Simulations parameters are 
deterministic, and, therefore, there is no uncertainty associated with them.
This corroborates the hypothesis made earlier in this section -  that the excess PCE 
molecules existing in the solution (that do not adsorb onto C3 S particles’ surfaces) adsorb 
onto C-S-H nuclei, and, subsequently, block their access to the adjacent solution, thus 
inhibiting their growth rate [27,28]. At any given PCE dosage, lower values of Gout in 
[C3 S + PCE-3] pastes, as compared to those prepared with other two PCEs, can be 
attributed to higher adsorption capacity of PCE-3 (i.e., on account of its molecular 
architecture), as has been explained previously in this section and highlighted in Figures 
4 and 8. At later ages, that is, at t = 72 h (Figure 11b), the variations in Gout with respect 
to PCE’s dosage and molecular architecture are significantly less pronounced. This is 
attributed to depletion of C-S-H supersaturation in the solution -  which, in turn, causes 
Gout to diminish [14,27,28,36] and converge to similar values, regardless of dosage or 
molecular architecture of the PCE in the paste.
By and large, the results described so far strongly support the theory that the 
hydration of C3 S is suppressed by PCE -  wherein, adsorption of PCE molecules onto C3 S
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(a) (b)
Figure 11. The outward growth rate of the product, as obtained from pBNG 
simulations, at (a) t = 12 h, and (b) t = 72 h.
surfaces suppresses C3 S dissolution and C-S-H nucleation, and the adsorption of PCE 
molecules onto C-S-H surfaces suppresses the post-nucleation growth of C-S-H. Based 
on this theory, it is hypothesized that if the adsorption of PCE onto C3 S surfaces is 
reduced, the overall impact on inhibition of C3 S dissolution and C-S-H nucleation sites 
would consequently be reduced. To test this hypothesis, additional experiments were 
conducted, wherein PCE was incorporated into the paste in delayed mode (i.e., addition 
of PCE five mins after mixing of C3 S and DI-water). As can be seen in Figure 12, when 
the addition of PCE is delayed, its impact on dissolution and nucleation site inhibition are 
indeed marginalized (albeit, not nullified); this manifests as shorter induction period and 
faster incidence of the main hydration peak compared to those in pastes provisioned with 
PCE at the time of mixing. Notwithstanding, the adsorption of PCE molecules onto 
surfaces of C-S-H -  that form prior to, as well as after, the addition of PCE -  results in 
substantial inhibition of its post-nucleation growth; this manifests as slower approach to 
and departure from the main hydration peak. It is also worth noting that in the case of
delayed addition, as PCE molecules predominantly adsorb onto C-S-H surfaces (as 
opposed to C3 S and C-S-H surfaces), the suppression of post-nucleation growth of C-S-H 
(and, therefore, C3 S hydration) is more profound compared to pastes in which PCE is 
added at the time of mixing (Figure 12). The results shown in Figure 12, and the 
mechanisms described above, are in good agreement with prior studies [27,41].
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(a)
Figure 12. Measured heat flow rates of [C3 S + 2.5% PCE] pastes, prepared with (a) 
PCE-1, and (b) PCE-3. Results corresponding to both immediate and delayed (i.e., by 5­
min) addition of PCE are shown. For comparison, the control system with no PCE is
also shown.
4. CONCLUSIONS
A hierarchical sequence of experiments and pBNG simulations were employed to 
elucidate the effects of comb-shaped polycarboxylate ether (PCE) polymer on hydration 
mechanisms of tricalcium silicate (C3 S). Focus was placed on description of, and 
contrasting, the contributions of dosage and molecular architecture of PCE on its ability 
to influence early hydration of C3 S.
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R e s u l t s  c l e a r l y  s h o w  t h a t  t h e  h y d r a t i o n  o f  C 3 S  i s  s u p p r e s s e d  i n  t h e  p r e s e n c e  o f  
P C E  -  w h e r e i n ,  t h e  d e c e l e r a t i o n  s c a l e s  w i t h  P C E  c o n t e n t  i n  t h e  p a s t e .  T h e  o r i g i n  o f  s u c h  
d e c e l e r a t i o n  i s  m o s t  l i k e l y  t h e  a d s o r p t i o n  o f  P C E  m o l e c u l e s  o n  C 3 S  p a r t i c l e s ’  s u r f a c e s ,  
w h i c h  i n h i b i t s  t o p o g r a p h i c a l  d i s s o l u t i o n  a n d  C - S - H  n u c l e a t i o n  s i t e s ,  a n d  r e s u l t s  i n  
p r o l o n g a t i o n  o f  t h e  i n d u c t i o n  p e r i o d .  F u r t h e r m o r e ,  r e s u l t s  s t r o n g l y  s u g g e s t  t h a t  
a d s o r p t i o n  o f  P C E  m o l e c u l e s  o n t o  s u r f a c e s  o f  C - S - H  -  m a s s i v e  p r e c i p i t a t i o n  o f  w h i c h  
o c c u r s  r o u g h l y  w h e n  t h e  i n d u c t i o n  p e r i o d  e n d s  -  c a u s e s  s u p p r e s s i o n  o f  t h e i r  g r o w t h  
t h r o u g h o u t  t h e  h y d r a t i o n  p r o c e s s .  T h i s  r e s u l t s  i n  a  s l o w e r  a p p r o a c h  t o ,  a s  w e l l  a s  
d e p a r t u r e  f r o m ,  t h e  m a i n  h y d r a t i o n  p e a k .
T h r o u g h  r i g o r o u s  a n a l y s e s  o f  d e c e l e r a t i n g  e f f e c t s  i n d u c e d  b y  t h r e e  d i f f e r e n t  
P C E s ,  t h i s  s t u d y  d e v e l o p s  a  r o b u s t  c o r r e l a t i o n  b e t w e e n  t h e  m o l e c u l a r  a r c h i t e c t u r e  o f  P C E  
a n d  i t s  p o t e n t i a l  t o  s u p p r e s s  C 3 S  h y d r a t i o n .  T h e s e  r e s u l t s  s h o w  t h a t  P C E s  w i t h  l o w e r  s i d e  
c h a i n  g r a f t i n g  d e n s i t y  ( i . e . ,  h i g h e r  C/E: c a r b o x y l a t e - t o - e t h e r  r a t i o ) ,  s m a l l e r  s i d e  c h a i n  
l e n g t h  ( i . e . ,  s m a l l e r  P: n u m b e r  o f  m o n o m e r s  p e r  s i d e  c h a i n ) ,  a n d  l o w e r  o v e r a l l  m o l e c u l a r  
w e i g h t  h a v e  g r e a t e r  p o t e n t i a l  t o  a d s o r b  o n  s i l i c a t e  s u r f a c e s ,  a n d ,  t h e r e f o r e ,  s u p p r e s s  C 3 S  
h y d r a t i o n .  B y  c o n s o l i d a t i n g  r e s u l t s  p e r t a i n i n g  t o  t h e  t h r e e  d i f f e r e n t  P C E s ,  t h e  s t u d y  
a d v a n c e s  a  s i m p l e  n u m e r i c a l  e q u a t i o n  -  w h i c h  u n i f i e s  t h e  P C E ’ s  d o s a g e  a n d  a r c h i t e c t u r a l  
p a r a m e t e r s  i n t o  a  s i n g l e  n u m e r i c a l  v a l u e  -  t o  a s s e s s ,  i n  a  q u a n t i t a t i v e  m a n n e r ,  a  g i v e n  
P C E ’ s  p o t e n t i a l  t o  s u p p r e s s  C 3 S  h y d r a t i o n .
O v e r a l l ,  o u t c o m e s  o f  t h i s  s t u d y  p r o v i d e  n o v e l  m e c h a n i s t i c  i n s i g h t s  i n t o  t h e  r o o t -  
c a u s e  o f  d e c e l e r a t i n g  e f f e c t s  o f  P C E .  T h e  d i s c u s s i o n  p r o v i d e s  a n  i m p r o v e d  u n d e r s t a n d i n g  
o f  h o w  t h e  d o s a g e  a n d  a r c h i t e c t u r a l  p a r a m e t e r s  o f  P C E  -  w h i c h  c a n  r e a d i l y  b e  
c h a r a c t e r i z e d  u s i n g  c o n v e n t i o n a l  e x p e r i m e n t a l  t e c h n i q u e s  -  a f f e c t  t h e  h y d r a t i o n  o f  C 3 S  a t
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early ages. Such knowledge is expected to aid in uncovering the underlying mechanisms 
that describe the influence of PCE on the hydration of other cementitious phases (e.g., 
C3A), as well as the development of fresh- (e.g., rheology) and hardened-properties (e.g., 
compressive strength) of cementitious systems.
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IV. INFLUENCE OF SIZE-CLASSIFIED AND SLIGHTLY SOLUBLE MINERAL 
ADDITIVES ON HYDRATION OF TRICALCIUM SILICATE
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ABSTRACT
E a r l y - a g e  h y d r a t i o n  o f  c e m e n t  i s  k i n e t i c a l l y  e n h a n c e d  b y  f i l l e r s ,  s u c h  a s  q u a r t z  
a n d  l i m e s t o n e .  H o w e v e r ,  f e w  s t u d i e s  h a v e  a t t e m p t e d  t o  s y s t e m a t i c a l l y  c o m p a r e  t h e  
e f f e c t s  o f  d i f f e r e n t  f i l l e r s  o n  h y d r a t i o n  r a t e s ,  a n d  n o n e  h a v e  q u a n t i f i e d  s u c h  e f f e c t s  u s i n g  
f i l l e r s  w i t h  c o m p a r a b l e ,  s i z e - c l a s s i f i e d  p a r t i c l e  s i z e  d i s t r i b u t i o n s .  T h i s  s t u d y  e x a m i n e s  t h e  
i n f l u e n c e  o f  s i z e - c l a s s i f i e d  f i l l e r s  [ i . e . ,  l i m e s t o n e  ( C a C O 3) ,  q u a r t z  ( S i O 2 ) ,  c o r u n d u m  
( A h O 3) ,  a n d  r u t i l e  ( T i O 2 ) ]  o n  e a r l y - a g e  h y d r a t i o n  k i n e t i c s  o f  t r i c a l c i u m  s i l i c a t e  ( C 3 S )  
u s i n g  a  c o m b i n a t i o n  o f  e x p e r i m e n t a l  m e t h o d s ,  w h i l e  a l s o  e m p l o y i n g  a  m o d i f i e d  p h a s e  
b o u n d a r y  a n d  n u c l e a t i o n  a n d  g r o w t h  m o d e l .  I n  p r i o r  s t u d i e s ,  w h e r e i n  f i l l e r s  w i t h  b r o a d  
P S D s  w e r e  u s e d ,  i t  h a s  b e e n  r e p o r t e d  t h a t  b e t w e e n  q u a r t z  a n d  l i m e s t o n e ,  t h e  l a t t e r  i s  a  
s u p e r i o r  f i l l e r  d u e  t o  i t s  a b i l i t y  t o  p a r t a k e  i n  a n i o n - e x c h a n g e  r e a c t i o n s  w i t h  C - S - H .  
C o n t r a r y  t o  p r i o r  i n v e s t i g a t i o n s ,  t h i s  s t u d y  s h o w s  t h a t  w h e n  s i z e - c l a s s i f i e d  a n d  area 
matched f i l l e r s  a r e  u s e d  -  w h i c h ,  e s s e n t i a l l y ,  e l i m i n a t e  d e g r e e s  o f  f r e e d o m  a s s o c i a t e d  
w i t h  s u r f a c e  a r e a  a n d  a g g l o m e r a t i o n  o f  f i l l e r  p a r t i c u l a t e s  -  t h e  f i l l e r  e f f e c t  o f  q u a r t z  i s
found to be broadly similar to that of limestone as well as rutile. Results also show that 
unlike quartz, limestone, and rutile -  which enhance C3 S hydration kinetics -  corundum 
suppresses hydration of C3 S during the first several hours after mixing. Such deceleration 
in C3 S hydration kinetics is attributed to the dissolution and later adsorption of aluminate 
anions into solution and onto anhydrous particulates’ surfaces, respectively, which 
consequently inhibit both the dissolution of C3 S and heterogeneous nucleation of C-S-H. 




As the production and use of ordinary Portland cement (OPC) continues to 
increase globally [1-3], pressure is mounting on the cement industry to discover alternate 
manufacturing processes and resources to mitigate CO2  emission associated with OPC 
manufacturing [2,4-6]. A potential solution, currently being extensively explored and 
optimized by researchers, is partial replacement of OPC with CO2 -efficient pozzolanic 
mineral additives (e.g., metakaolin) and filler materials (e.g., limestone and quartz). Since 
OPC-based systems (i.e., pastes, mortars, and concretes) are complex, comprising of 
numerous anhydrous (i.e., reactants) and hydrated (i.e., reaction products) phases at any 
given instant of time, researchers have prioritized the examination of pure, single-phase 
synthetic cementitious compounds such as tricalcium silicate (written as C3 S in cement 
chemistry notation, where C = CaO; S = SiO2 ; A = AhO3; and H = H2 O) [7-16] instead 
of OPC. C3 S, which embodies 50-70 %m a s s  of OPC, is the phase most representative of
OPC’s early-age hydration (i.e., reaction with water) and strength development [17]. 
Therefore, C3 S is commonly used as a model phase to examine and better understand the 
underlying OPC hydration mechanisms. During hydration of C3 S -  a dissolution- 
precipitation process -  portlandite (CH) and calcium silicate hydrate (C-S-H) form 
homogeneously in the pore-solution and heterogeneously on the anhydrous particulates’ 
surfaces, respectively [18,19]. C-S-H formation, which commences within minutes of 
initial wetting of C3 S particulates and continues over several days, principally dictates the 
hydration kinetics of C3 S [11,18,20-22].
Typical fillers used for partial replacement of OPC are ground, mineral powders 
such as limestone (crystalline CaCO3), quartz (crystalline SiO2), and silica fume 
(amorphous SiO2); other less commonly used fillers include polymorphs of TiO2  (i.e., 
rutile and anatase) and corundum (crystalline AhO3) [10,23-28]. When present in OPC 
or C3 S systems, fillers alter hydration rates [7,13,23,24,29] — typically by accelerating 
hydration of the host phase. This phenomenon, termed the filler effect, is attributed to the 
enhancement in total solid surface area of the system, which increases the number of 
nucleation sites for C-S-H to heterogeneously form upon. In early investigations of the 
filler effect [24,30,31], the dilution of OPC/C3 S (due to partial replacement by filler) in 
the system was also considered to be a factor contributing to the acceleration of hydration 
kinetics. However, in the past few years, several studies [13,29,32] have conclusively 
shown that such dilution of OPC/C3 S content is largely inconsequential to hydration 
kinetics, especially within the first 24 h after mixing.
It is now well established that limestone, in addition to its physical effect (i.e., 
providing additional surface for C-S-H nucleation) imparts chemical effects on OPC/C3 S
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hydration. In OPC systems, limestone can lead to formation of carboaluminate phases 
(e.g., mono- and hemi-carboaluminate) -  either through reactions with alumina- 
containing anhydrous phases (e.g., C3A) [27,33-36], or from destabilization of the 
monosulfoaluminate phase [37]. In recent studies [13,29,38,39], limestone was directly 
compared with quartz in terms of filler performance. Oey et al. [29] concluded that, in 
OPC systems, limestone was the more effective filler compared to quartz due to its 
superior interfacial properties (i.e., surface tension and wetting angle that make limestone 
surface energetically favorable for heterogeneous nucleation of C-S-H), and its ability to 
participate in anion-exchange reactions with the C-S-H phase. The aforesaid anion- 
exchange reaction involves a sequence of steps [13,29]: limestone dissolves, releasing 
Ca2 +  and CO3 2 -  ions in the contiguous solution (pore-solution); the aqueous CO3 2 -  anions 
progressively adsorb onto C-S-H, while OH- anions are released from C-S-H into the 
pore solution; and finally, the increase in OH-  concentration in the pore-solution 
augments the driving force (i.e., supersaturation) for C-S-H precipitation. In a later study, 
Kumar et al. [13] compared the filler effects of quartz and limestone in C3 S systems, and 
concluded that the differences between interfacial properties of limestone and quartz have 
negligible, if any, effect on C3 S hydration kinetics. The authors [13] also determined that 
the ability of limestone to partake in anion-exchange reaction renders its filler effect 
superior compared to quartz. Akin to limestone, silica fume also exerts a physical, filler 
effect and a chemical effect that alter hydration behavior of cementitious systems. The 
chemical effect specifically involves the formation of additional C-S-H via the 
pozzolanic reaction of silica fume with CH. In recent studies [7,22,40], however, it was 
shown that the pozzolanic reaction of silica fume is slow -  on account of its intrinsically
134
l o w  s o l u b i l i t y  a n d  a g g l o m e r a t i o n  o f  i t s  f i n e  p a r t i c u l a t e s  -  a n d ,  t h e r e f o r e ,  h a s  l i t t l e  e f f e c t  
o n  h y d r a t i o n  o f  O P C  o r  C 3 S  w i t h i n  t h e  f i r s t  2 4  h  o f  h y d r a t i o n .
F i l l e r s  s u c h  a s  r u t i l e  a n d  c o r u n d u m  h a v e  b e e n  l e s s  w i d e l y  e x p l o r e d  c o m p a r e d  t o  
q u a r t z  a n d  l i m e s t o n e .  R u t i l e  a n d  a n a t a s e  -  n a t u r a l l y  o c c u r r i n g  m i n e r a l  f o r m s  o f  T i O 2  -  
h a v e  b o t h  b e e n  i n v e s t i g a t e d  a s  f i l l e r s  i n  s e p a r a t e  s t u d i e s  [ 2 4 , 2 8 ] ;  r u t i l e  w a s  i n v e s t i g a t e d  
a s  a  f i l l e r  i n  O P C  p a s t e s  [ 2 4 ] ,  w h e r e a s  t h e  f i l l e r  e f f e c t  o f  a n a t a s e  w a s  e x a m i n e d  i n  p u r e  
C 3 S  p a s t e s  [ 2 8 ] .  B o t h  s t u d i e s  r e p o r t e d  s y s t e m i c  i n c r e a s e  i n  h y d r a t i o n  r a t e s  w i t h  
i n c r e a s i n g  r e p l a c e m e n t s  o f  T i O 2 .  T h i s  c o r r e l a t i o n  i s  e x p e c t e d  b e c a u s e  h i g h e r  f i l l e r  
c o n t e n t  g e n e r a l l y  e n t a i l s  g r e a t e r  e n h a n c e m e n t  i n  s u r f a c e  a r e a  ( p e r  u n i t  m a s s  o f  
O P C / C 3 S ) ,  a n d ,  t h e r e f o r e ,  g r e a t e r  i n c r e a s e  i n  n u m b e r  o f  p o t e n t i a l  C - S - H  n u c l e a t i o n  s i t e s .  
N o t w i t h s t a n d i n g ,  t h e  f i l l e r  e f f e c t  o f  T i O 2 ,  i n  a n y  f o r m ,  h a s  y e t  t o  b e  c o m p a r e d  w i t h  o t h e r  
f i l l e r s  i n  p u r e  c e m e n t i t i o u s  s y s t e m s .  T h o u g h  c o r u n d u m  h a s  n o t  b e e n  e x t e n s i v e l y  s t u d i e d  
i n  t h e  l i t e r a t u r e ,  a d d i t i o n s  o f  o t h e r  A l - r i c h  c o m p o u n d s  ( e . g . ,  m e t a k a o l i n ,  A h O 3 
n a n o p a r t i c l e s ,  A l 2 O 3 - d o p e d  a l i t e ,  a n d  s o l u b l e  A l  s a l t s )  i n  p u r e  c e m e n t i t i o u s  s y s t e m s  h a v e  
b e e n  e x p l o r e d  [ 7 - 9 , 1 2 , 4 1 - 4 3 ] .  M a j o r i t y  o f  t h e s e  s t u d i e s  h a v e  r e p o r t e d  t h a t  d i s s o l u t i o n  o f  
t h e  A l - b a s e d  c o m p o u n d  r e l e a s e s  a l u m i n a t e  a n i o n s  ( A l ( O H )4  )  i n t o  t h e  c o n t a c t i n g  
s o l u t i o n ,  w h i c h ,  u l t i m a t e l y ,  r e s u l t s  i n  e x t e n s i o n  o f  t h e  i n d u c t i o n  p e r i o d  -  a  m a n i f e s t a t i o n  
o f  s u p p r e s s i o n  o f  e a r l y - a g e  h y d r a t i o n  o f  t h e  c e m e n t i t i o u s  m a t e r i a l .  P u s t o v g a r  e t  a l .  [ 8 ]  
u t i l i z e d  m o l e c u l a r  d y n a m i c  s i m u l a t i o n s  t o  s h o w  t h a t  t h e  a d s o r p t i o n  o f  a l u m i n a t e  a n i o n s  
o n t o  C 3 S ’ s  s u r f a c e s  i s  e n e r g e t i c a l l y  f a v o r a b l e  d u e  t o  i o n i c  a n d  h y d r o g e n  b o n d s  f o r m i n g  
b e t w e e n  t h e  a l u m i n a t e  a n i o n s  a n d  i o n i c  s p e c i e s  ( i . e . ,  C a 2 + , O H  , a n d  H 2 S i O 4  / H 3 S i O 4 
i o n s )  s u r r o u n d i n g  C 3 S  p a r t i c u l a t e s .  I n  a d d i t i o n  t o  t h e  o r i g i n a l  s t u d y  [ 8 ] ,  a  p a i r  o f  r e c e n t  
s t u d i e s  [ 7 , 4 3 ]  h a v e  r e p o r t e d  t h a t  s u c h  a d s o r p t i o n  o f  a l u m i n a t e  a n i o n s  r e s u l t s  i n  t h e
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formation of metastable aluminosilicate complexes, which inhibit C3 S dissolution sites 
(e.g., kink sites found on etch pits [8,44]) as well as potential sites for C-S-H nucleation 
on C3 S particulates’ surfaces. This results in suppression of C3 S hydration at early-ages, 
which, typically, manifests as prolongation of the induction period. As C3 S continues to 
dissolve (albeit, at a slower rate), concentrations of Ca2 + , H2 SiO4  /H3 SiO4  and OH" 
species in the contacting solution increase. When the pH of the solution approaches -12.7 
(lime saturation), the aforementioned metastable aluminosilicate complexes destabilize, 
causing the aluminate anions to desorb from C3 S surfaces and stabilize in solution. As the 
topographical coverage of aluminosilicate complexes on C3 S particulates is disrupted and 
the particulates’ surfaces are re-exposed to the solution, hydration of C3 S is renewed, 
marking the end of the induction period.
The studies cited above provide significant insight into the filler effects -both 
physical and chemical -  of various fillers on hydration behavior of cementitious systems. 
However, the majority of past studies have used fillers with broad PSDs (with particulate 
sizes varying over wide ranges) in their investigations. Such broad PSDs introduce 
additional degrees of freedom in the analyses -  such as, disparities in surface area and 
(degree/extent of) agglomeration of filler particulates -  thus making it difficult to isolate 
and quantify influences independent of individual filler (particle) size effects on C-S-H 
formation and hydration rates. Furthermore, from the above discussion, it is also clear 
that some fillers -  that is, rutile and corundum -  have not been studied in a 
comprehensive manner, and their filler effects have never been compared to those of 
common fillers (i.e., limestone and quartz). This study attempts to address these 
challenges by examining the influences of four types of size-classified fillers -  limestone,
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quartz, corundum, and rutile -  on the early-age hydration kinetics of C3 S using a 
combination of experimental methods (e.g., isothermal microcalorimetry and 
thermogravimetric analysis (TGA)) and a modified phase boundary and nucleation and 
growth (pBNG) model. Selected results from our previous studies on the filler effect of 
silica fume [7,22,40] are included to support the analyses. Size-classified fillers, with 
similar PSDs, were produced and used in this study to enable comparison of their 
intrinsic filler effects -  that are independent of their PSDs, and, therefore, devoid of any 
complexities associated with them. Through such comparisons, this study attempts to 
rank the aforementioned fillers in accordance with magnitudes of their size-independent 
filler effects.
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2. MATERIALS AND METHODS
2.1. MATERIALS AND SIZE CLASSIFICATION OF FILLERS
Synthetic triclinic C3 S (Ca3 SiO5 -T1) was utilized in this study. Details regarding 
C3 S synthesis are described elsewhere [7,43]. After synthesis, the final powder was 
evaluated to be nearly phase pure C3 S (i.e., via Rietveld analysis of x-ray diffraction 
patterns) with 0.80 % ± 0.25 % of CaO.
The filler effects of four different commercially-available materials -  quartz, 
limestone, rutile, and corundum -  were examined in this study. The fillers were 
suspended in water, and subsequently sieved through 20 pm, 25 pm, and 32 pm sieve 
mesh-sizes to obtain three, distinctive PSDs, with the following particle size ranges: less 
than 20 pm; between 20 pm and 25 pm; and between 25 pm and 32 pm. These PSDs
f r o m  h e r e o n  a r e  r e f e r r e d  t o  a s  fine, intermediate, a n d  coarse P S D s ,  r e s p e c t i v e l y .  T h e  
P S D s  w e r e  a c q u i r e d  f r o m  t h e  b u l k  p o w d e r s  b y  e m p l o y i n g  a  m o d i f i e d  w e t  s i e v i n g  p r o c e s s  
b a s e d  o n  A S T M  C 3 2 5 - 0 7 ( 2 0 1 4 )  [ 4 5 ] .  T h e  A S T M  s t a n d a r d  d i c t a t e s  t h e  u s e  o f  
m e c h a n i c a l  s t i r r i n g ;  t h e  u s e  o f  n o .  1 0 0  ( 1 5 0  p m ) ,  n o .  1 4 0  ( 1 0 6  p m ) ,  n o .  2 0 0  ( 7 5  p m )  a n d  
n o .  3 2 5  ( 4 5  p m )  s i e v e  m e s h - s i z e s ;  a n d  a  b a t c h  s i z e  c o m p r o m i s i n g  o f  1L  o f  w a t e r  a n d  2 5 0  
g  o f  p o w d e r  m a t e r i a l .  I n  t h i s  s t u d y ,  h o w e v e r ,  s l i g h t  a d j u s t m e n t s  ( t o  t h e  s t a n d a r d  
p r o c e d u r e s )  w e r e  m a d e  t o  e n s u r e  r e p e a t a b i l i t y  a n d  r e p r o d u c i b i l i t y  i n  t h e  f i n a l  P S D s  o f  t h e  
f i l l e r s .  T h e  a m o u n t  o f  d i s t i l l e d  w a t e r  w a s  c o n s t r a i n e d  t o  a p p r o x i m a t e l y  2 0 0  m L  ( p e r  5 0  
g r a m s  o f  f i l l e r  m a t e r i a l )  a n d  t h e  m i x t u r e  w a s  g e n t l y  h a n d - s t i r r e d  a f t e r  a  t w o - h o u r  s o a k i n g  
p r o c e s s  b e f o r e  s i e v i n g  u s i n g  n o .  6 3 5  ( 2 0  p m ) ,  n o .  5 0 0  ( 2 5  p m ) ,  a n d  n o .  4 5 0  ( 3 2  p m )  
s i z e d  s i e v e s .
T h e  P S D s  w e r e  v e r i f i e d  u s i n g  a  s t a t i c  l i g h t  s c a t t e r i n g  p a r t i c l e  s i z e  a n a l y z e r  
( M i c r o t r a c  S 3 5 0 0 )  f o r  a l l  m a t e r i a l s .  F o r  s u c h  e x p e r i m e n t s ,  C 3 S  a n d  f i l l e r  p o w d e r s  w e r e  
s u s p e n d e d  i n  i s o p r o p a n o l  a n d  d e i o n i z e d  w a t e r ,  r e s p e c t i v e l y .  T h e  s u s p e n d e d  C 3 S  p o w d e r s  
w e r e  a g i t a t e d  w i t h  u l t r a s o n i c  p u l s e s  f o r  t w o  m i n u t e s  b e f o r e  t h r e e  c o n s e c u t i v e  
m e a s u r e m e n t s ,  w h i l e  t h e  s u s p e n d e d  f i l l e r s  w e r e  m e a s u r e d  i m m e d i a t e l y  w i t h o u t  a n y  
u l t r a s o n i f i c a t i o n  i n  o r d e r  t o  e m u l a t e  t h e i r  e f f e c t i v e  P S D s  u p o n  c o n t a c t  w i t h  d e i o n i z e d  
w a t e r  ( d u r i n g  m i x i n g  o f  t h e  p a s t e s ) .  P S D  o f  t h e  C 3 S  p o w d e r  i s  s h o w n  i n  F i g u r e  1 a ;  P S D s  
o f  t h e  f i l l e r  m a t e r i a l s  a s  w e r e  r e c e i v e d  f r o m  s u p p l i e r s  -  s u b s e q u e n t l y  r e f e r r e d  t o  a s  as 
received  P S D s  -  a r e  s h o w n  i n  F i g u r e  1b .  C 3 S ’ s  m e d i a n  p a r t i c l e  s i z e  o n  a  v o l u m e  b a s i s  
( d v 5 0 ,  p m )  -  e x t r a c t e d  f r o m  s t a t i c  l i g h t  s c a t t e r i n g  r e s u l t s  -  w a s  d e t e r m i n e d  t o  b e  7 . 7 8  p m .  
B a s e d  o n  t h e  C 3 S ’ s  P S D ,  i t s  s p e c i f i c  s u r f a c e  a r e a  ( S S A )  w a s  c a l c u l a t e d  t o  b e  5 6 2  m 2 . k g "
1; t h e  d e n s i t y  o f  C 3 S  [ 1 7 ]  w a s  a s s u m e d  t o  b e  3 1 5 0  k g .  m "3 . D e t a i l s  o f  P S D s  o f  t h e  as
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F i g u r e  1 .  C u m u l a t i v e  P S D s  o f  ( a )  C 3 S ;  a n d  ( b )  as received  f i l l e r s :  q u a r t z ,  l i m e s t o n e ,  
r u t i l e ,  a n d  c o r u n d u m .  T h e  l a r g e s t  r e l a t i v e  u n c e r t a i n t y  i n  m e d i a n  d i a m e t e r  ( d v 5 0 , q m ) ,  
b a s e d  o n  s i x  r e p l i c a t e  m e a s u r e m e n t s  o f  C 3 S N  P S D ,  i s  o n  t h e  o r d e r  o f  ±  6 % .
received  f i l l e r s  a r e  s h o w n  i n  T a b l e  1 .  H e r e ,  t h e  S S A s  o f  t h e  as received  f i l l e r s  w e r e  
e s t i m a t e d  u s i n g  d e n s i t i e s  o f  2 6 5 0  k g .  m - 3 , 2 7 1 0  k g .  m - 3 , 4 2 3 0  k g .  m - 3 , a n d  3 9 5 0  k g .  m - 3 , 
c o r r e s p o n d i n g  t o  q u a r t z ,  l i m e s t o n e ,  r u t i l e ,  a n d  c o r u n d u m ,  r e s p e c t i v e l y .  T h e  P S D s  o f  t h e  
fine, intermediate, a n d  coarse s i z e - c l a s s e s  a r e  s h o w e d  i n  F i g u r e  2 ;  t h e i r  d v 5 0 ’ s  a n d  S S A s  
a r e  e n u m e r a t e d  i n  T a b l e  1 .  I t  i s  c l a r i f i e d  t h a t  d u e  t o  c o m m o n  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  
s i e v i n g  ( e . g . ,  c h a r g i n g ,  a g g l o m e r a t i o n ,  e t c . ) ,  t h e  intermediate a n d  coarse P S D s  o f  f i l l e r s  
a r e  s o m e w h a t  b r o a d e r  -  w i t h  w i d e r  d i s t r i b u t i o n  o f  p a r t i c l e  s i z e s  -  t h a n  w h a t  w o u l d  b e  
e x p e c t e d .  F o r  e x a m p l e ,  t h e  intermediate P S D s  o f  f i l l e r s  d o  i n c l u d e  s m a l l  f r a c t i o n s  o f  
p a r t i c u l a t e s  w i t h  s i z e s  b e y o n d  t h e  2 0 - t o - 2 5  q m  r a n g e  ( F i g u r e  2 b ) .  N o t w i t h s t a n d i n g ,  b o t h  
intermediate a n d  coarse P S D s  a r e  d e v o i d  o f  f i n e  p a r t i c u l a t e s  ( s i z e  <  0 . 1  q m )  -  w h i c h  a r e  
p r o n e  t o  a g g l o m e r a t e  -  a n d  f e a t u r e  s u b s t a n t i a l l y  n a r r o w e r  s p r e a d  o f  p a r t i c l e  s i z e s  
c o m p a r e d  t o  t h e  as received  o n e s .  B e c a u s e  o f  t h e s e  f e a t u r e s ,  t h e  s i z e - c l a s s i f i e d  P S D s  a r e  
d e e m e d  s u i t a b l e  f o r  i n v e s t i g a t i o n  o f  t h e  f i l l e r  e f f e c t .  O w i n g  t o  t h e  s a m e  a f o r e m e n t i o n e d
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F i g u r e  2 .  C u m u l a t i v e  P S D s  o f  q u a r t z ,  l i m e s t o n e ,  r u t i l e  a n d  c o r u n d u m ,  c o r r e s p o n d i n g  
t o :  ( a )  fine ; ( b )  intermediate; a n d  ( c )  coarse s i z e - c l a s s e s .  T h e  v e r t i c a l  d a s h e d  l i n e s  
i n d i c a t e  t h e  m e s h  s i z e s  o f  s i e v e s  t h a t  w e r e  u s e d  t o  g e n e r a t e d  t h e  s i z e - c l a s s i f i e d  P S D s .  
T h e  l a r g e s t  u n c e r t a i n t y  i n  t h e  m e d i a n  d i a m e t e r  ( d v 5 0 , p m )  o f  e a c h  P S D  i s  o n  t h e  o r d e r
o f  ±  6 % .
T a b l e  1 .  M e d i a n  d i a m e t e r s  ( d v 5o )  a n d  s p e c i f i c  s u r f a c e  a r e a s  ( S S A s )  o f  as received, fine, 
intermediate, a n d  coarse s i z e - c l a s s e s  o f  e a c h  f i l l e r  ( q u a r t z ,  l i m e s t o n e ,  r u t i l e ,  a n d  
c o r u n d u m ) .  T h e  t h r e e  d i f f e r e n t  s i z e - c l a s s e s  o f  P S D s  w e r e  o b t a i n e d  v i a  s i e v i n g .  H o w e v e r ,  
d u e  t o  c o m m o n  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  s i e v i n g ,  s u c h  a s  c h a r g i n g ,  a g g l o m e r a t i o n ,  e t c . ,  
t h e  d v 5o ’ s  c o r r e s p o n d i n g  t o  t h e  v a r i o u s  s i z e - c l a s s e s  o f  c o r u n d u m *  d o  n o t  f o l l o w  t h e  s a m e
t r e n d  a s :  fine  <  intermediate <  coarse.
S i z e - C l a s s e s F i l l e r  M a t e r i a l d v 5 0  [ p m ] S S A  | " m 2 . k g - 1 ]
As Received
Q u a r t z 2 . 0 1 1 3 8 6
L i m e s t o n e 4 3 . 3 5 1 5 1
R u t i l e 0 . 5 0 5 2 7 5
C o r u n d u m 3 6 . 3 0 * 2 2 0 *
Fine
Q u a r t z 2 . 0 6 1 3 2 2
L i m e s t o n e 7 . 7 8 5 3 1
R u t i l e 1 . 5 5 2 2 8 1
C o r u n d u m 4 5 . 9 2 * 2 7 7 *
Intermediate
Q u a r t z 8 7 . 4 4 2 4 2
L i m e s t o n e 2 8 . 0 7 7 7
R u t i l e 2 2 . 0 9 3 4 9
C o r u n d u m 2 5 . 5 9 * 6 0 *
Coarse
Q u a r t z 9 5 . 9 5 1 7 8
L i m e s t o n e 2 9 . 7 2 6 5
R u t i l e 2 8 . 4 2 2 7 8
C o r u n d u m 3 0 . 1 2 * 5 0 *
is su e s  p e r ta in in g  to  w e t  s ie v in g , th e  d v 5o ’s c o rre s p o n d in g  to  v a r io u s  s iz e -c la sse s  o f  
c o ru n d u m  d o  n o t  c o n fo rm  to  th e  sa m e  tre n d  as  th o s e  o f  o th e r  f ille rs . M o re  sp e c if ic a lly , in  
th e  c a se  o f  c o ru n d u m , th e  d v 50 v a lu e s  d o  n o t  in c re a s e  in  th e  sa m e  o rd e r  as fine  <  
intermediate <  coarse. N e v e r th e le s s , th is  d isc re p a n c y  is  n o t  e x p e c te d  to  a f fe c t  th e  
a n a ly se s  o f  c o ru n d u m ’s f i l le r  e ffec t. T h is  -  as e la b o ra te d  in  g re a te r  d e ta il in  th e  p B N G  
m o d e l se c tio n  i.e ., s e c tio n  3 .2 . o f  th is  p a p e r  -  is  p r im a r i ly  b e c a u s e  a lte ra tio n s  in  h y d ra tio n  
ra te s  o f  [C 3 S +  c o ru n d u m ] p a s te s  a re  s tro n g ly  re la te d  to  c o ru n d u m  re p la c e m e n t lev e ls , 
w h ile  re m a in in g  la rg e ly  in d e p e n d e n t o f  c o ru n d u m ’s P S D .
2.2. METHODS
2.2.1. Experimental Methods. [C 3 S +  f ille r]  p a s te s  w e re  p re p a re d  b y  m ix in g  th e  
a n h y d ro u s  p o w d e rs  w ith  d e io n iz e d  w a te r  a t f ix e d  l iq u id - to -s o lid  m a s s  ra tio  o f  0 .6 0 . C 3 S 
w a s  p a r t ia l ly  re p la c e d  b y  f i l le r s  (w ith  as received  a n d  s iz e -c la ss if ie d  P S D s )  a t 
re p la c e m e n t le v e ls  o f  15%  a n d  3 0 %  b y  m ass . A d d itio n a l [C 3 S +  f ille r]  p a s te s  w e re  
p re p a re d  b y  a d ju s tin g  th e  re p la c e m e n t lev e l o f  C 3 S b y  th e  f i l le r  ( i.e ., q u a rtz , ru tile , an d  
c o ru n d u m ) so  as to  m a tc h  th e  S S A to ta l o f  [C 3 S +  3 0 %  lim e s to n e ]  p a s te s . T h is  area 
matching w a s  d o n e  fo r  e a c h  s iz e -c la ss  o f  th e  P S D s ; th e  a m o u n t o f  p o w d e rs  re q u ire d  fo r  
area matching w e re  c a lc u la te d  in  a c c o rd a n c e  w ith  p ro c e d u re s  d e s c r ib e d  in  p r io r  s tu d ie s  
[1 3 ,2 9 ]. T h e se  p a s te s  w ith  e q u iv a le n t  to ta l  S S A s w ill  b e  h e re o n  re fe r re d  to  as area 
matched. H y d ra tio n  k in e tic s  o f  C 3 S in  th e  p a s te s  (a f te r  h a n d -m ix in g  fo r  1 m in u te )  w e re  
o b se rv e d  u s in g  th e  T A M  IV  (T A  In s tru m e n ts )  iso th e rm a l c o n d u c tio n  m ic ro c a lo r im e te r  
fo r  7 2  h  a t 2 0  °C  ±  0.1 °C . C a lo r im e try  p ro f ile s  o f  th e  p a s te s  w e re  p ro c e s s e d  [7 ,1 6 ,1 8 ,3 2 ]
-  a s su m in g  e n th a lp y  o f  h y d ra tio n  [1 1 ,1 6 -1 8 ]  o f  C 3 S as 4 8 4  J. g C 3 S -1  -  to  e s tim a te  t im e -
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dependent evolutions of degree of reaction (a) and the rate of reaction (<da/dt; units of h-1) 
of C3S.
Thermogravimetric analysis (TGA) with a TA Instruments SDT-Q600 analyzer 
was carried out to identity and quantity hydration products in pastes at 24 h. For such 
investigations, hydration of the paste was arrested by submerging the crushed paste in 
isopropanol for 12 h. Prior to testing and following isopropanol immersion, samples were 
oven dried at 65 °C for 4 h. The dried powders were heated at 10 °C. min-1 from room 
temperature to 1000 °C in an AhO3 crucible, with inert gas flowing over the specimen at 
a flow rate of 100 mL. min-1.
2.2.2. Phase Boundary Nucleation and Growth (pBNG) Modeling. In addition 
to physical experiments, a modified phase boundary nucleation and growth (pBNG) 
model was employed to describe the influence of fillers on early-age hydration kinetics of 
C3S in plain (pure C3S) and binary (i.e., [C3S + filler]) pastes. The pBNG model 
implemented in this study -  including the foundational assumptions, simulation 
principles, and algorithms -  are similar to those implemented in prior studies 
[7,11,16,22,32,43]. Therefore, to avoid replication of information, description of the 
model in this section is kept succinct; for further details, readers are requested to consult 
references [7,11,16,22,32,43].
The pBNG model uses experimentally measured hydration kinetics of C3S or 
[C3S + filler] paste (i.e., da/dt as function of time) as input, and reproduces the same 
using a mathematical formulation of heterogeneous nucleation and growth mechanism in 
conjunction with an optimization algorithm. The aforesaid mechanism is premised on the 
assumption that hydration of C3S in plain and binary pastes is driven by the nucleation
a n d  g r o w t h  o f  a  s i n g l e  h y d r a t i o n  p r o d u c t  ( i . e . ,  C - S - H )  o f  c o n s t a n t  d e n s i t y .  T h i s  p r o d u c t  
f o r m s  u n d e r  site saturation c o n d i t i o n s ,  a n d  t h e n  g r o w s  h e t e r o g e n e o u s l y  f r o m  s u b s t r a t e  
b o u n d a r i e s ,  t h a t  i s ,  C 3 S  a n d  f i l l e r  s u r f a c e s ,  i n t o  t h e  c a p i l l a r y  p o r e  s p a c e .  T h i s  site 
saturation c o n d i t i o n  e n t a i l s  t h a t  a l l  p r o d u c t  n u c l e i  f o r m  a t  a  p a r t i c u l a r  n u c l e a t i o n  e v e n t ,  
a n d  t h a t  t h e  n u m b e r  o f  n u c l e i  r e m a i n s  c o n s t a n t  t h r o u g h o u t  t h e  h y d r a t i o n  r e a c t i o n .
T h e  d e g r e e  o f  h y d r a t i o n  o f  C 3 S  a s  a  f u n c t i o n  o f  t i m e  [a(t); E q u a t i o n  1 ]  i s  d i r e c t l y  
r e l a t e d  t o :  a  u n i t l e s s  c o n s t a n t  B ,  w h i c h  e n v e l o p s  c h a r a c t e r i s t i c s  o f  t h e  p a s t e  a s  w e l l  a s  t h e  
c h e m i c a l  s h r i n k a g e  t h a t  o c c u r s  d u r i n g  h y d r a t i o n ;  a n d  a n  X(t) f u n c t i o n  ( u n i t l e s s ) ,  w h i c h  
r e p r e s e n t s  t h e  v o l u m e  f r a c t i o n  o f  r e a c t a n t  t r a n s f o r m e d  i n t o  a  s i n g u l a r  p r o d u c t  
[ 1 1 , 1 5 , 2 2 , 4 6 ] .
a(t)=B.X(t) ( 1 )
T h e  X(t) f u n c t i o n  i s  n o n l i n e a r  a n d  n o n - m o n o t o n i c ,  a n d  i s  r e l i a n t  o n  t h e  r a t e s  a t  
w h i c h  t h e  p r o d u c t  c o m p l e t e l y  c o v e r s  t h e  a n h y d r o u s  C 3 S  p a r t i c u l a t e s ’  s u r f a c e s  a n d  f u l l y  
o c c u p i e s  t h e  c a p i l l a r y  p o r e  s p a c e  [ 2 1 , 4 6 ] .  T h e s e  a s p e c t s  p r i n c i p a l l y  d e p e n d  o n  t h r e e  
f a c t o r s  t h a t  n e e d  t o  b e  n u m e r i c a l l y  d e f i n e d  w i t h i n  t h e  p B N G  m o d e l :  n u c l e a t i o n  d e n s i t y  
(Idensity; u n i t s  o f  m -2 ) ;  g r o w t h  r a t e  ( u n i t s  o f  p m .  h - 1 ) ;  a n d  m o r p h o l o g y  o f  t h e  p r o d u c t  
n u c l e i .  D u r i n g  s i m u l a t i o n  o f  a n y  g i v e n  p a s t e ,  f i r s t l y ,  Nnuc ( u n i t s  o f  k g C 3 S - 1 ; s e e  E q u a t i o n  
2 )  n u c l e i  o f  t h e  p r o d u c t  ( p e r  u n i t  m a s s  o f  C 3 S )  a r e  a l l o w e d  t o  f o r m  o n  t h e  s u b s t r a t e s .
N e x t ,  e a c h  p r o d u c t  n u c l e i  g r o w s  w i t h  l a t e r a l  [ i . e . ,  Gpar(t); u n i t s  o f  p m .  h - 1 ]  a n d  o u t w a r d  
[ i . e . ,  Gout(t); u n i t s  o f  p m .  h - 1 ]  g r o w t h  r a t e s  t h a t  a r e  d i f f e r e n t  f r o m  e a c h  o t h e r  a n d  v a r y  
w i t h  t i m e .  I t  i s  c l a r i f i e d  t h a t  w h i l e  b o t h  Gpar a n d  Gout v a r y  w i t h  t i m e ,  a t  a n y  g i v e n  p o i n t  i n  
t i m e ,  t h e  r a t i o  o f  Gpar t o  Gout i s  f i x e d  a t  1 : 2  [ 2 1 , 4 6 , 4 7 ]  t o  m i m i c  t h e  e x p e r i m e n t a l l y
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observed needle-like morphology of C-S-H’s growth [48,49]. The lateral and outward 
growth rates are temporally varied to capture variations in C-S-H’s growth rate in relation 
to its supersaturation in the solution [7,11,16].
Nnuc SSASoiidI(iensity (2 )
In Equation 2, the variable SSAsolid (m2 . kgC 3 S - 1 ) represents the effective (i.e., 
reactive) solid surface area of the paste at the time of product nucleation. SSAsolid, as 
shown in Equation 3, incorporates: “as measured” SSAs (m2 . kg- 1 ) of the constituent 
powders (i.e., C3 S and filler); the replacement level of C3 S with filler (z, %m a s s); and a 
free simulation variable (a/mer, unitless) that represents the faction of surface area of the 
filler that is reactive (i.e., not affected by agglomeration or other factors that inhibit 
product nucleation sites for C-S-H [7,22,43].
SSAsoud — SSAC s z+  afiller SSAfmer (100—z) (3 )
To reproduce experimentally measured hydration kinetics of a plain or binary C3 S 
paste, the variables that need to be optimized are: Gout(t); Idensity; and a/mer. For such 
optimizations, a Nelder-Mead-based simplex algorithm [50] is used. In the first step, Gout 
is fixed at 0.075 pm. h-1  (based on values reported in references [48,49,51]), whereas 
Idensity and a/Mer are allowed to vary in an iterative manner until best reproduction of the 
input (i.e., da/dt as function of time) is achieved. The optimum values of Idensity and a/mer, 
obtained from the first step, are carried over in second step for further fine-tuning, and, 
more importantly, to estimate the optimal functional forms of Gout (t). During the 
aforementioned optimization steps, convergence is assumed to have been achieved when: 
(i) the deviation between the measured and simulated reaction rates are within ±1%; and
( i i )  t h e  s i m u l a t i o n  o u t p u t  s t a y s  c o n s t a n t  w i t h i n  ± 1 0 " 6 u n i t s  t h r o u g h  t h r e e ,  s u c c e s s i v e  
s i m u l a t i o n  s t e p s .
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3. RESULTS AND DISCUSSION
3.1. EXPERIMENTAL RESULTS
F i g u r e  3  s h o w s  h e a t  e v o l u t i o n  p r o f i l e s  ( i . e . ,  h e a t  f l o w  r a t e  ( F i g u r e  3 a )  a n d  
c u m u l a t i v e  h e a t  r e l e a s e d  ( F i g u r e  3 b ) )  o f  [ C 3 S  +  s i l i c a  f u m e ]  p a s t e s ,  p r e p a r e d  a t  d i f f e r e n t  
r e p l a c e m e n t  l e v e l s  o f  C 3 S  w i t h  s i l i c a  f u m e .  T h e s e  r e s u l t s  h a v e  b e e n  a d a p t e d  f r o m  t h e  
w o r k  o f  L a p e y r e  a n d  K u m a r  [ 7 ] .  F r o m  t h e  r e s u l t s ,  i t  i s  e v i d e n t  t h a t  s i l i c a  f u m e  
i n c r e a s i n g l y  e n h a n c e s  C 3 S  h y d r a t i o n  a t  i n c r e a s i n g  r e p l a c e m e n t  l e v e l s .  T h i s  e n h a n c e m e n t  
i s  a t t r i b u t e d  t o  s i l i c a  f u m e ’ s  f i l l e r  e f f e c t  —  t h a t  i s ,  i n c r e m e n t  i n  n u m b e r  o f  C - S - H  
n u c l e a t i o n  s i t e s  d u e  t o  t h e  a d d i t i o n a l  s u r f a c e  a r e a  p r o v i d e d  b y  s i l i c a  f u m e  p a r t i c u l a t e s .  I n  
t h e  o r i g i n a l  s t u d y  [ 7 ] ,  t h e  a u t h o r s  r e p o r t e d  t h a t  u p  t o  9 7 %  o f  s i l i c a  f u m e ’ s  s u r f a c e  a r e a  
( i . e . ,  1 8 2 0 0  m 2  p e r  k g  o f  t h e  m a t e r i a l )  i s  u n a v a i l a b l e  f o r  C - S - H  n u c l e a t i o n  a n d  g r o w t h  d u e  
t o  t h e  a g g l o m e r a t i o n  o f  s i l i c a  f u m e ’ s  f i n e  p a r t i c u l a t e s  [ 7 ] .  T h e r e f o r e ,  C 3 S  h y d r a t i o n  
e n h a n c e m e n t s ,  s e e n  i n  F i g u r e  3 ,  a r e  c a u s e d  b y  a  s m a l l  f r a c t i o n  ( i . e . ,  ~  3 % )  o f  s i l i c a  
f u m e ’ s  o v e r a l l  r e a c t i v e  a r e a .
F i g u r e  4  s h o w s  t h e  h e a t  e v o l u t i o n  p r o f i l e s  o f  [ C 3 S  +  3 0 %  f i l l e r ]  p a s t e s ,  
f o r m u l a t e d  u s i n g  f i l l e r s  o f  t h e  as received  s i z e - c l a s s .  F o r  t h e  p u r p o s e s  o f  b e n c h m a r k i n g ,  
c a l o r i m e t r y  p r o f i l e s  o f  [ C 3 S  +  3 0 %  s i l i c a  f u m e ]  p a s t e  a r e  a l s o  s h o w n .  I n  g e n e r a l ,  
r e p l a c e m e n t s  o f  C 3 S  w i t h  f i l l e r s  o b s e r v a b l y  a c c e l e r a t e  h y d r a t i o n  r a t e s :  t h e  m a i n  h e a t  f l o w  
r a t e  p e a k  ( o r  t h e  m a i n  h y d r a t i o n  p e a k )  o c c u r s  s o o n e r ;  a n d  t h e  s l o p e  o f  t h e  a c c e l e r a t i o n
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F i g u r e  3 .  I s o t h e r m a l  m i c r o c a l o r i m e t r y  b a s e d  d e t e r m i n a t i o n s  o f  t h e  t i m e - d e p e n d e n t  ( a )  
h e a t  f l o w  r a t e ;  a n d  ( b )  c u m u l a t i v e  h e a t  r e l e a s e d  o f  [ C 3 S  +  s i l i c a  f u m e  ( S F ) ]  p a s t e s  o v e r  
a  2 4  h  p e r i o d  [ 7 ] .  U n c e r t a i n t y  i n  h e a t  f l o w  r a t e  a t  t h e  m a i n  h y d r a t i o n  p e a k  i s  ±  2 % .
( a )
F i g u r e  4 .  I s o t h e r m a l  m i c r o c a l o r i m e t r y  b a s e d  d e t e r m i n a t i o n s  o f  t h e  t i m e - d e p e n d e n t  ( a )  
h e a t  f l o w  r a t e ;  a n d  ( b )  c u m u l a t i v e  h e a t  r e l e a s e d  o f  [ C 3 S  +  f i l l e r ]  p a s t e s  p r e p a r e d  a t  3 0 %  
r e p l a c e m e n t  l e v e l  o f  C 3 S  b y  as receivedP S D s  o f  s i l i c a  f u m e ,  q u a r t z ,  l i m e s t o n e ,  r u t i l e ,  
a n d  c o r u n d u m .  U n c e r t a i n t y  i n  h e a t  f l o w  r a t e  a t  t h e  m a i n  h y d r a t i o n  p e a k  i s  ±  2 % .
r e g i m e  i s  s t e e p e r  c o m p a r e d  t o  t h e  c o n t r o l  ( i . e . ,  p l a i n  C 3 S )  p a s t e .  T h i s  i s ,  e x p e c t e d l y ,  d u e  
t o  i n c r e a s e d  C - S - H  p r e c i p i t a t i o n  o n  t h e  a d d i t i o n a l  n u c l e a t i o n  s i t e s  p r o v i d e d  b y  t h e  f i l l e r  
p a r t i c u l a t e s  a n d  i s  i n  a g r e e m e n t  w i t h  p r i o r  s t u d i e s  [ 1 3 , 2 8 ] .  I n  t e r m s  o f  f i l l e r  p e r f o r m a n c e ,
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s il ic a  fu m e  a n d  q u a rtz  a p p e a r  to  h a v e  s im ila r  f i l le r  e ffe c ts  —  a lth o u g h  i t  sh o u ld  b e  n o te d  
th a t  th e  S S A s o f  th e  tw o  f il le rs  a re  d iffe re n t, a n d  th a t  s il ic a  fu m e  p a r t ic u la te s  a re  s tro n g ly  
a f fe c te d  b y  a g g lo m e ra tio n  [7]. E n h a n c e m e n ts  in  C 3 S h y d ra tio n  ra te s  w e re  a lso  o b se rv e d  
fo r  [C 3 S +  lim e s to n e ]  a n d  [C 3 S +  ru tile ]  p a s te s , th o u g h  to  a  le s s e r  d e g re e  c o m p a re d  to  
[C 3 S +  s il ic a  fu m e ] an d  [C 3 S +  q u a rtz ]  p a s te s . T h e s e  d iffe re n c e s  in  h y d ra tio n  
e n h a n c e m e n ts  can , o n c e  a g a in , b e  a ttr ib u te d  to  d if fe re n c e s  in  p h y s ic a l p ro p e r t ie s  (e .g ., 
S S A  an d  p ro p e n s ity  fo r  a g g lo m e ra tio n )  o f  th e  f ille rs . In  F ig u re  4 , i t  is  in te re s t in g  to  n o te  
th a t, h y d ra tio n  o f  [C 3 S +  c o ru n d u m ] p a s te s , d u r in g  th e  f ir s t  se v e ra l h o u rs  a f te r  m ix in g , is  
s u p p re s se d  c o m p a re d  to  th e  p la in  a n d  o th e r  b in a ry  p a s te s . T h is  is  b e tte r  h ig h lig h te d  in  
F ig u re  4 a , w h e re in  th e  c o ru n d u m  c o n ta in in g  p a s te  fe a tu re s  a  p ro tra c te d  in d u c tio n  p e rio d , 
in c re a s e d  t im e  to  th e  m a in  h y d ra tio n  p e a k , a n d  lo w e r  s lo p e  o f  th e  a c c e le ra tio n  reg im e . 
O w in g  to  th e s e  a lte ra tio n s  in  C 3 S h y d ra tio n  ra te s , th e  c u m u la tiv e  h e a t  r e le a s e d  o f  [C 3 S +  
c o ru n d u m ] p a s te  is  e x p e c te d ly  lo w e r  c o m p a re d  to  th a t  o f  th e  p la in  p a s te  (F ig u re  4 b )  a t 
a g e s  <  18 h. A t a g e s  >  18 h , h o w e v e r , th e  tre n d  is  re v e rse d , a n d  th e  c u m u la tiv e  h e a t 
r e le a s e d  o f  th e  [C 3 S +  c o ru n d u m ] p a s te  su rp a s se s  th a t  o f  th e  p la in  p a s te . In a s m u c h  as 
c u m u la tiv e  h e a t  re le a s e d  is  a  d ire c t in d ic a to r  o f  th e  d e g re e  o f  h y d ra tio n  o f  C 3 S, i t  c a n  b e  
sa id  th a t  c o ru n d u m  re s u lts  in  lo w e r  d e g re e  o f  C 3 S h y d ra tio n  d u r in g  e a r l ie r  s ta g e s  o f  th e  
h y d ra tio n  p ro ce ss . W ith  tim e , th e  in h ib ito ry  e ffe c ts  o f  c o ru n d u m  a re  d im in ish e d , an d , a t 
la te r  ag es , th e  d e g re e  o f  C 3 S h y d ra tio n  re c o u p s  a n d  u ltim a te ly  e x c e e d s  th a t  o f  th e  p la in  
p a s te . O v e ra ll, re s u lts  sh o w n  in  F ig u re  4  in d ic a te  th a t  c o ru n d u m  d o e s  n o t  s tr ic tly  b e h a v e  
as a  f i l le r  o r  e x e r t  th e  ‘f i l le r  e f fe c t’ in  a  c o n v e n tio n a l sen se , w h e n  u s e d  to  d ilu te  C 3 S
p as te s .
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Results shown in Figure 5 support the inferences that were drawn from heat 
evolution profiles shown in Figure 4. As can be seen, at 24 h, the degree of hydration of 
C3 S (a) (Figure 5a) in all binary pastes are greater than that of the plain paste (i.e ., acontrol 
= 0.45), which is in agreement with Figure 4c. Pastes prepared using as received quartz 
and rutile feature higher values of a compared to pastes prepared using as received 
corundum and limestone. The CH contents (Figure 5b-c) of the studied pastes broadly 
mirror the trends in Figure 5 a, that us, in all binary pastes, the CH contents are 
consistently above the dilution line (i.e., line representing proportional reduction in CH 
content in relation to the reduction in C3 S content) due to acontrol < abinarypastes. This shows 
that all fillers (including corundum) ultimately result in higher degree of C3 S hydration as 
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Figure 5. (a) Isothermal microcalorimetry based determinations of degree of reaction 
(a) of C3 S; (b) DTG traces showing differential mass loss profiles; and (c) mass 
contents of portlandite (CH: as %m a s s  of the binder) as determined from analyses of 
DTG traces, in [C3 S + 30% as received filler] pastes at 24 h. The highest uncertainty in
phase quantifications by DTG is ± 2.5%.
Results shown in Figures 4-5 pertain to pastes with different values of SSAsolid 
(total initial solid surface area per unit mass of C3 S; units of m2 . kgC 3 S - 1 ). However, for
d i r e c t  c o m p a r i s o n  o f  f i l l e r  e f f e c t s  o f  d i f f e r e n t  a d d i t i v e s ,  i t  i s  i m p o r t a n t  t o  e x a m i n e  
h y d r a t i o n  k i n e t i c s  i n  area matched s y s t e m s .  F i g u r e  6  s h o w s  t h e  h e a t  e v o l u t i o n  p r o f i l e s  o f  
[ C 3 S  +  area matched f i l l e r ]  p a s t e s ,  f o r m u l a t e d  u s i n g  f i l l e r s  ( i . e . ,  q u a r t z ,  l i m e s t o n e ,  r u t i l e ,  
a n d  c o r u n d u m )  b e l o n g i n g  t o  t h e  as received  s i z e - c l a s s .  R e a d e r s  a r e  r e m i n d e d  t h a t ,  i n  
t h e s e  p a s t e s ,  t h e  r e p l a c e m e n t  l e v e l s  o f  q u a r t z ,  r u t i l e ,  a n d  c o r u n d u m  w e r e  a d j u s t e d  t o  
m a t c h  t h e  t o t a l  S S A  a v a i l a b l e ,  t h a t  i s ,  SSAsolid o f  [ C 3 S  +  3 0 %  as received l i m e s t o n e ]  p a s t e  
( i . e . ,  6 2 6 . 6 1  m 2 . k g - 1 ) .  A s  c a n  b e  s e e n  i n  F i g u r e  6 a ,  a l l  b i n a r y  p a s t e s ,  e x c e p t  f o r  t h e  o n e  
p r e p a r e d  u s i n g  c o r u n d u m ,  a p p e a r  t o  h a v e  a  s h o r t e r  i n d u c t i o n  p e r i o d ,  d e c r e a s e d  t i m e  t o  
t h e  m a i n  h y d r a t i o n  p e a k ,  a n d  g r e a t e r  s l o p e  o f  t h e  a c c e l e r a t i o n  r e g i m e  c o m p a r e d  t o  t h e  
p l a i n  p a s t e  -  a l t h o u g h  t o  a  n o t i c e a b l y  l e s s e r  e x t e n t ,  e x p e c t e d l y  d u e  t o  r e l a t i v e l y  l o w  S S A s  
o f  t h e  f i l l e r s  ( i . e . ,  1 5 1  m 2 . k g - 1 ) .  T h e s e  a l t e r a t i o n s  i n  h e a t  e v o l u t i o n  p r o f i l e s  d i s t i n c t l y  
i n d i c a t e  e n h a n c e m e n t  o f  C 3 S  h y d r a t i o n  a n d  t h e r e f o r e ,  n u c l e a t i o n  a n d  g r o w t h  o f  t h e  m a i n  
p r o d u c t ,  C - S - H .  T h e  [ C 3 S  +  l i m e s t o n e ]  p a s t e  a p p e a r s  t o  h a v e  a  s h o r t e n e d  i n d u c t i o n  
p e r i o d  a n d  a  d e c r e a s e d  t i m e  t o  t h e  h y d r a t i o n  p e a k  c o m p a r e d  t o  t h e  p l a i n  p a s t e  a n d  t h e  
o t h e r  [ C 3 S  +  area matched f i l l e r ]  p a s t e s ,  b u t  o v e r a l l  t h e  [ C 3 S  +  area matched f i l l e r ]  
p a s t e s  p r e p a r e d  w i t h  l i m e s t o n e ,  q u a r t z ,  a n d  r u t i l e  f r o m  t h e  as received  s i z e - c l a s s  a p p e a r s  
t o  b e h a v e  b r o a d l y  s i m i l a r  t o  t h e  p l a i n  p a s t e ,  a n d  a r e  w e l l  w i t h i n  t h e  m a r g i n s  o f  
e x p e r i m e n t a l  e r r o r  ( e . g . ,  r e s u l t i n g  f r o m  p a s t e  p r e p a r a t i o n / m i x t u r e  d e s i g n ,  a n d  s t a n d a r d  
d e v i a t i o n s  i n  S S A  e s t i m a t i o n s  a n d  m i c r o c a l o r i m e t r y - d e t e r m i n e d  h e a t  e v o l u t i o n  p r o f i l e s ) .  
G o i n g  b a c k  t o  F i g u r e  6 ,  t h e  o n e  s y s t e m  t h a t  s t a n d s  o u t  f r o m  t h e  r e s t  i s  t h e  [ C 3 S  +  
c o r u n d u m ]  p a s t e .  A s  c a n  b e  s e e n  i n  F i g u r e  6 a ,  t h e  p a s t e  f e a t u r e s  a  p r o l o n g a t i o n  o f  t h e  
i n d u c t i o n  p e r i o d  a n d  a  b r o a d e r  h y d r a t i o n  p e a k  ( w h i c h  e n t a i l s  s l o w e r  a p p r o a c h  t o ,  a s  w e l l  
a s  s l o w e r  d e p a r t u r e  f r o m ,  t h e  m a i n  h y d r a t i o n  p e a k )  c o m p a r e d  t o  a l l  o t h e r  p a s t e s .  O w i n g
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to  su c h  b ro a d e n in g  o f  th e  h y d ra tio n  p e a k , th e  [C 3 S +  area matched c o ru n d u m ] p a s te  h a s  
n o tic e a b ly  lo w e r  c u m u la tiv e  h e a t  a t e a r l ie r  a g e s  (t <  18 h )  a n d  h ig h e r  c u m u la tiv e  h e a t  a t 
la te r  a g e s  c o m p a re d  to  th e  p la in  a n d  o th e r  b in a ry  p a s te s  (F ig u re  6b ), s im ila r  to  th e  
h y d ra tio n  b e h a v io r  o b s e rv e d  in  F ig u re  4  ( fo r  p a s te s  w ith  d if fe re n t  v a lu e s  o f  SSAsoiid). In  
b o th  c a se s , c o ru n d u m  su p p re s se s  C 3 S h y d ra tio n  fo r  th e  f ir s t  se v e ra l h o u rs  a f te r  m ix in g . 
W ith  th e  p ro g re s s io n  o f  t im e , c o ru n d u m ’s in h ib ito ry  e ffe c ts  a re , f ir s tly , re le g a te d , and , 
u l tim a te ly , re v e rse d , th e re b y  le a d in g  to  h ig h e r  d e g re e  o f  C 3 S h y d ra tio n  in  [C 3 S +  
c o ru n d u m ] p a s te  c o m p a re d  to  th e  p la in  a n d  o th e r  (i.e ., l im e s to n e - , ru tile - , a n d  q u a rtz -  
c o n ta in in g )  b in a ry  p a s te s . T h is  re su lt, sh o w n  in  F ig u re  6c, is  s ig n if ic a n t  as i t  sh o w s  th a t  
in  S S A -e q u iv a le n t  b in a ry  p a s te s , c o ru n d u m  -  d e sp ite  su p p re s s in g  C 3 S h y d ra tio n  e a rly  on  
-  u l tim a te ly  (a t t  >  18 h )  e n h a n c e s  C 3 S h y d ra tio n  to  a  g re a te r  d e g re e  th a n  lim e s to n e , 
q u a rtz , a n d  ru tile .
A d d itio n a l c a lo r im e try  e x p e rim e n ts  w e re  c o n d u c te d  u s in g  area matched p a s te s  
th a t  w e re  p re p a re d  u s in g  coarse (F ig u re  7 a )  a n d  fine  (F ig u re  7 b ) s iz e -c la sse s  o f  f ille rs . A s  
c a n  b e  seen , h y d ra tio n  k in e tic s  o f  C 3 S a re  b ro a d ly  s im ila r  in  b in a ry  p a s te s  p re p a re d  u s in g  
coarse s iz e -c la ss  o f  l im e s to n e , q u a rtz , a n d  ru tile . In  th e  c a se  o f fine  s iz e -c la ss  f ille rs , 
s lig h t d if fe re n c e s  a m o n g  th e  p a s te s  em e rg e . P a s te s  p re p a re d  w ith  q u a rtz  a n d  l im e s to n e  
h a v e  n e a r ly  id e n tic a l h e a t  e v o lu tio n  p ro file s , fe a tu r in g  s lig h tly  f a s te r  k in e tic s  o f  C 3 S 
h y d ra tio n  -  m o re  sp e c if ic a lly , h ig h e r  h e a t  f lo w  ra te s  a t th e ir  r e s p e c tiv e  m a in  h y d ra tio n  
p e a k s  -  c o m p a re d  to  th e  p la in  a n d  [C 3 S +  ru tile ]  p a s te s . C o ru n d u m  -  r e g a rd le s s  o f  its  
s iz e -c la ss  [i.e ., e ith e r  coarse (F ig u re  7a), o r  fine  (F ig u re  7 a )] -  c a u se s  s ig n if ic a n t 
re ta rd a tio n  in  C 3 S h y d ra tio n  ra te s  a t e a r l ie r  a g e s  ( i.e ., t  <  18h), a k in  to  th o se  sh o w n  in  
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F i g u r e  6 .  I s o t h e r m a l  m i c r o c a l o r i m e t r y  b a s e d  d e t e r m i n a t i o n s  o f  t h e  t i m e - d e p e n d e n t  ( a )  
h e a t  f l o w  r a t e ;  a n d  ( b )  c u m u l a t i v e  h e a t  r e l e a s e d  o f  [ C 3 S  +  area matched f i l l e r ]  p a s t e s  
p r e p a r e d  u s i n g  as received  P S D s  o f  q u a r t z ,  l i m e s t o n e ,  r u t i l e ,  a n d  c o r u n d u m  a s  f i l l e r s .  
T h e  area matched p a s t e s  w e r e  p r e p a r e d  b y  ‘ m a t c h i n g ’  t h e i r  SSAsolid t o  t h a t  o f  [ C 3 S  +  
3 0 %  as received  l i m e s t o n e ]  p a s t e  ( i . e . ,  6 2 6 . 6 1  m 2 . k g - 1 ) .  T h e  a m o u n t  o f  e a c h  as received 
f i l l e r  r e q u i r e d  f o r  area matching w a s  c a l c u l a t e d  i n  a c c o r d a n c e  w i t h  p r i o r  s t u d i e s  
[ 1 3 , 2 9 ] .  U n c e r t a i n t y  i n  t h e  m e a s u r e d  h e a t  f l o w  r a t e  a t  t h e  m a i n  h y d r a t i o n  p e a k  i s  ±  2 % .
B a s e d  o n  t h e  r e s u l t s  p r e s e n t e d  a b o v e  ( F i g u r e s  4 - 7 ) ,  i t  c a n  b e  t h e o r i z e d  t h a t ,  i n  C 3 S  
p a s t e s :  ( i )  t h e  f i l l e r  e f f e c t s  o f  l i m e s t o n e ,  q u a r t z ,  a n d  r u t i l e  a r e  b r o a d l y  s i m i l a r ;  a n d  ( i i )  
c o r u n d u m  d o e s  n o t  s t r i c t l y  b e h a v e  a s  a  f i l l e r  -  l i k e  l i m e s t o n e ,  q u a r t z ,  a n d  r u t i l e  -  a n d  
c a u s e s  s u p p r e s s i o n ,  a s  o p p o s e d  t o  e n h a n c e m e n t ,  o f  C 3 S  h y d r a t i o n  k i n e t i c s  d u r i n g  t h e  f i r s t  
s e v e r a l  h o u r s  a f t e r  m i x i n g .  I t  i s  a c k n o w l e d g e d ,  h o w e v e r ,  t h a t  t h e s e  i n f e r e n c e s ,  a r e  
q u a l i t a t i v e  a s  t h e y  a r e  m e r e l y  b a s e d  o n  v i s u a l  o b s e r v a t i o n s  o f  h e a t  e v o l u t i o n  p r o f i l e s  o f  
t h e  p a s t e s .  P a s t  s t u d i e s  [ 1 1 , 1 6 , 2 2 , 2 9 , 3 2 , 4 3 ]  h a v e  s h o w n  t h a t  a c c u r a t e  d e d u c t i o n  o f  
c h a n g e s  ( i . e . ,  a c c e l e r a t i o n  o r  d e c e l e r a t i o n )  i n  C 3 S  ( o r  O P C )  h y d r a t i o n  k i n e t i c s  r e q u i r e s  
r i g o r o u s  a n a l y s e s  o f  v a r i o u s  c h a r a c t e r i s t i c s  o f  h e a t  e v o l u t i o n  p r o f i l e s  -  n o t  j u s t  t h e  t i m e  
o f  o c c u r r e n c e  o r  i n t e n s i t y  o f  t h e  m a i n  h y d r a t i o n  p e a k .  T h e r e f o r e ,  f o r  m o r e  e n c o m p a s s i n g  
a n a l y s e s ,  t h e  c a l o r i m e t r y  p r o f i l e s  o f  a l l  area matched b i n a r y  p a s t e s  w e r e  p r o c e s s e d  i n  t w o
d if fe re n t  s tag es . In  th e  f ir s t  s tag e , th e  p ro f ile s  w e re  p ro c e s se d , u s in g  a  s im p le  a n a ly tic a l 
m o d e l [1 3 ,1 6 ,2 2 ], to  e x tra c t  th re e  d is t in c t  c a lo r im e tr ic  p a ra m e te rs :  in v e rs e  o f  t im e  to  th e  
m a in  h y d ra tio n  p e a k  [h - 1 ] ;  h e a t  f lo w  ra te  a t th e  m a in  h y d ra tio n  p e a k  [m W . g C 3 S - 1 ]; an d  
s lo p e  o f  th e  a c c e le ra tio n  re g im e  [m W . g C 3 S - 1 . h - 1 ]. E a c h  o f  th e s e  p a ra m e te rs  is  an  
in d ic a to r  o f  c h a n g e  in  C 3 S h y d ra tio n  k in e tic s ; h ig h e r  a n d  lo w e r  v a lu e s  c o m p a re d  to  th e  
p la in  b in a ry  sy s te m  en ta il re la tiv e ly  s u p e rio r  a n d  in fe r io r  d y n a m ic s  o f  C 3 S h y d ra tio n , 
re s p e c tiv e ly  [1 1 ,1 3 ,1 6 ,2 2 ,2 9 ]  . In  th e  se c o n d  s tag e , th e  p B N G  m o d e lin g  p la tfo rm  
(d e s c r ib e d  in  se c tio n  2 .2 .2 .)  w a s  u s e d  to  r e p ro d u c e  th e  e x p e r im e n ta l ly -m e a s u re d  h e a t 
e v o lu tio n  p ro f ile s  o f  all p a s te s . R e s u lts  o b ta in e d  f ro m  th e  p B N G  m o d e l a re  d e sc r ib e d  
la te r  in  S e c tio n  3 .2 ..
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(a) (b )
F ig u re  7. I so th e rm a l m ic ro c a lo r im e try  b a s e d  d e te rm in a tio n s  o f  h e a t  e v o lu tio n  p ro f ile s  o f  
[C 3 S +  area matched f ille r]  p a s te s  p re p a re d  u s in g : (a )  coarse s iz e -c la ss ; a n d  (b )  fine 
s iz e -c la ss  P S D s  o f  f il le rs  ( i.e ., q u a rtz , l im e s to n e , ru tile , a n d  c o ru n d u m ). T h e  area 
matched p a s te s  w e re  p re p a re d  b y  ‘m a tc h in g ’ th e ir  SSAsolid to  th a t  o f  [C 3 S +  3 0 %  coarse 
lim e s to n e ]  a n d  [C 3 S +  3 0 %  fine  l im e s to n e ]  p a s te s , fo r  w h ic h  th e  SSAsolid v a lu e s  a re  
7 8 9 .3 2  m 2 . k g - 1 , a n d  5 8 9 .8 4  m 2 . k g - 1 , re sp e c tiv e ly . T h e  a m o u n t o f  f i l le r  re q u ire d  fo r  a re a  
m a tc h in g  w a s  c a lc u la te d  in  a c c o rd a n c e  w ith  p r io r  s tu d ie s [1 3 ,2 9 ] . T h e  u n c e r ta in ty  in  th e  
m e a s u re d  h e a t  f lo w  ra te  a t th e  m a in  h y d ra tio n  p e a k  is  ±  2% .
153
F i g u r e  8  s h o w s  t h e  c a l o r i m e t r i c  p a r a m e t e r s  e x t r a c t e d  f r o m  h e a t  e v o l u t i o n  p r o f i l e s  
o f  a l l  area matched b i n a r y  p a s t e s .  A s  c a n  b e  s e e n ,  a l l  t h r e e  c a l o r i m e t r i c  p a r a m e t e r s  o f  
[ C 3 S  +  l i m e s t o n e ] ,  [ C 3 S  +  q u a r t z ] ,  a n d  [ C 3 S  +  r u t i l e ]  p a s t e s  a r e  c o n s i s t e n t l y  l a r g e r  t h a n  
t h o s e  o f  t h e  p l a i n  p a s t e  -  t h u s  s i g n i f y i n g  e n h a n c e m e n t  o f  C 3 S  h y d r a t i o n .  I n  e a c h  s i z e -  
c l a s s  o f  t h e  f i l l e r  ( i . e . ,  as received, fine, a n d  coarse), a l l  t h r e e  c a l o r i m e t r i c  p a r a m e t e r s  o f  
b i n a r y  p a s t e s  p r e p a r e d  u s i n g  l i m e s t o n e ,  q u a r t z ,  a n d  r u t i l e  a r e  b r o a d l y  s i m i l a r  t o  e a c h  
o t h e r ;  a l t h o u g h ,  t h e r e  a r e  a  f e w  m i n o r  d i f f e r e n c e s .  I n  p a s t e s  f o r m u l a t e d  u s i n g  t h e  coarse 
a n d  as received  s i z e - c l a s s e s  o f  q u a r t z  a n d  l i m e s t o n e ,  a l l  t h r e e  c a l o r i m e t r i c  p a r a m e t e r s  
( i . e . ,  s l o p e  o f  t h e  a c c e l e r a t i o n  r e g i m e ;  p e a k  h e a t  f l o w  r a t e ;  a n d  i n v e r s e  o f  t i m e  t o  t h e  
p e a k )  a r e  c o m m e n s u r a b l e  t o  t h e i r  r u t i l e  c o u n t e r p a r t .  H o w e v e r ,  i n  p a s t e s  p r e p a r e d  u s i n g  
t h e  fine  s i z e - c l a s s  o f  f i l l e r s ,  a l l  t h r e e  c a l o r i m e t r i c  p a r a m e t e r s  o f  q u a r t z -  a n d  l i m e s t o n e -  
c o n t a i n i n g  p a s t e s  a r e  d i f f e r e n t  t h a n  r u t i l e ,  t h a t  i s ,  s l i g h t l y  -  y e t  c o n s i s t e n t l y  -  g r e a t e r  t h a n  
t h e i r  r u t i l e  c o u n t e r p a r t .  T h e  e x a c t  r e a s o n s  f o r  t h i s  d i f f e r e n c e  c a n n o t  b e  r e c o n c i l e d  
e x c l u s i v e l y  f r o m  t h e  e x p e r i m e n t a l l y - m e a s u r e d  h e a t  e v o l u t i o n  p r o f i l e s .  N e v e r t h e l e s s ,  i t  i s  
h y p o t h e s i z e d  t h a t  t h e  s l i g h t l y  i n f e r i o r  f i l l e r  e f f e c t  o f  r u t i l e  i s  d u e  t o  a g g l o m e r a t i o n  o f  i t s  
f i n e  p a r t i c u l a t e s ,  w h i c h  c a u s e s  r e d u c t i o n  i n  i t s  e f f e c t i v e  s u r f a c e  a r e a ,  t h e r e b y  l e a d i n g  t o  
f e w e r  n u c l e a t i o n  s i t e s  f o r  C - S - H  a s  c o m p a r e d  t o  q u a r t z  a n d  l i m e s t o n e .  T h e  m a i n  
a r g u m e n t  -  t h a t  p a r t i c u l a t e s  o f  r u t i l e  i n  t h e  fine  s i z e - c l a s s  a r e  s u s c e p t i b l e  t o  t h e  e f f e c t s  o f  
a g g l o m e r a t i o n  -  i s  j u s t i f i e d  c o n s i d e r i n g  t h e  p r e s e n c e  o f  v e r y  f i n e  p a r t i c u l a t e s  ( i . e . ,  s i z e  <  
0 . 1  p m ;  s e e  F i g u r e  2 ) .
O v e r a l l ,  o n  t h e  b a s i s  o f  t h e  r e s u l t s  s h o w n  i n  F i g u r e  8 ,  i t  c a n  b e  s a i d  t h a t  i n  b i n a r y  
p a s t e s ,  a t  e q u i v a l e n t  S S A s ,  t h e  f i l l e r  e f f e c t s  o f  l i m e s t o n e ,  q u a r t z ,  a n d  r u t i l e  a r e  
e q u i v a l e n t .  T h e r e  i s ,  h o w e v e r ,  a  c a v e a t  f o r  t h e  e q u i v a l e n c e :  t h e  e f f e c t s  o f  p a r t i c u l a t e
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a g g l o m e r a t i o n  o u g h t  t o  b e  m i n i m a l  o r  e n t i r e l y  a b s e n t .  T h e  e q u i v a l e n c e  i n  f i l l e r  e f f e c t s  o f  
l i m e s t o n e  a n d  q u a r t z  i s  p a r t i c u l a r l y  i n t e r e s t i n g  b e c a u s e  s e v e r a l  p a s t  s t u d i e s  h a v e  
a t t e m p t e d  t o  c o m p a r e  t h e  p e r f o r m a n c e s  o f  t h e  t w o  f i l l e r s  i n  c e m e n t i t i o u s  s y s t e m s .  O e y  e t  
a l .  [ 2 9 ]  f i r s t  c o n c l u d e d  t h a t ,  i n  O P C  s y s t e m s ,  l i m e s t o n e  i s  a  m o r e  e f f e c t i v e  f i l l e r  
c o m p a r e d  t o  q u a r t z .  T h e  a u t h o r s  a t t r i b u t e d  t h e  s u p e r i o r  f i l l e r  e f f e c t  o f  l i m e s t o n e  t o  t w o  o f  
i t s  i n t r i n s i c  c h a r a c t e r i s t i c s :  ( i )  s u p e r i o r  i n t e r f a c i a l  p r o p e r t i e s  ( i . e . ,  l o w ,  a c u t e  c o n t a c t  a n g l e  
w i t h  r e s p e c t  t o  C - S - H ,  t h e r e b y  l e a d i n g  t o  m o r e  c o n d u c i v e  w e t t i n g  o f  C - S - H  o n  t h e  
s u r f a c e )  t h a t  m a k e  i t  e n e r g e t i c a l l y  m o r e  f a v o r a b l e  f o r  C - S - H  t o  h e t e r o g e n e o u s l y  n u c l e a t e  
o n  l i m e s t o n e  s u r f a c e ;  ( i i )  a b i l i t y  t o  p r o g r e s s i v e l y  d i s s o l v e  i n  c e m e n t i t i o u s  p o r e - s o l u t i o n  
e n v i r o n m e n t s ,  a n d  e n g a g e  i n  a n i o n - e x c h a n g e  r e a c t i o n s  w i t h  t h e  C - S - H  p h a s e .  I n  a  
s e p a r a t e  s t u d y ,  O u y a n g  e t  a l .  [ 5 2 ]  a l s o  r e p o r t e d  t h a t  l i m e s t o n e  h a s  f a v o r a b l e  
t o p o g r a p h i c a l  s t r u c t u r e  t h a t  f a c i l i t a t e s  h e t e r o g e n e o u s  n u c l e a t i o n  o f  C - S - H  o n  t h e  
p a r t i c u l a t e s ’  s u r f a c e s .  O u y a n g  e t  a l .  [ 5 2 ]  a r g u e d  t h a t  l i m e s t o n e  s u r f a c e ,  i n t r i n s i c a l l y ,  h a s  
h i g h  a f f i n i t y  t o  f o r m  s t r o n g  c h e m i c a l  b o n d s  w i t h  C a 2 +  i n  t h e  p o r e - s o l u t i o n ,  w h i c h ,  
c o n s e q u e n t l y ,  f a c i l i t a t e s  t h e  a d h e s i o n  o f  C - S - H  n u c l e i  o n  i t s  s u r f a c e .  I n  c o n t r a s t ,  q u a r t z  
d o e s  n o t  e x h i b i t  s i g n i f i c a n t  a f f i n i t y  t o w a r d s  t h e  a d s o r p t i o n  o f  C a 2 +  o n  i t s  s u r f a c e  -  t h u s  
r e n d e r i n g  i t s  f i l l e r  e f f e c t  i n f e r i o r  c o m p a r e d  t o  l i m e s t o n e  [ 5 2 ] .  I n  a  m o r e  r e c e n t  s t u d y ,  
K u m a r  e t  a l .  [ 1 3 ]  c o m p a r e d  t h e  f i l l e r  e f f e c t s  o f  q u a r t z  a n d  l i m e s t o n e  i n  C 3 S  p a s t e s .  T h e  
a u t h o r s  c o n c l u d e d  t h a t  t h e  d i f f e r e n c e  b e t w e e n  i n t e r f a c i a l  p r o p e r t i e s  o f  l i m e s t o n e  a n d  
q u a r t z  ( w i t h  r e s p e c t  t o  a l l o w i n g  t h e  n u c l e a t i o n  o f  C - S - H  o n  t h e i r  s u r f a c e s )  i s  
i n s i g n i f i c a n t ,  a n d ,  t h e r e f o r e ,  n o t  r e s p o n s i b l e  f o r  d i s p a r i t i e s  i n  f i l l e r  p e r f o r m a n c e s  o f  t h e  
t w o  m a t e r i a l s .  N o n e t h e l e s s ,  t h e  s a m e  s t u d y  [ 1 3 ]  c o n c l u d e d  t h a t  l i m e s t o n e  d o e s  i n d e e d  
p a r t a k e  i n  a n i o n - e x c h a n g e  r e a c t i o n  w i t h  C - S - H ,  w h i c h  c a u s e s  p r o g r e s s i v e  i n c r e a s e  i n  p H
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o f  t h e  p o r e - s o l u t i o n ,  a n d ,  u l t i m a t e l y ,  l e a d s  t o  l a r g e r  n u m b e r  o f  C - S - H  n u c l e i  o n  l i m e s t o n e  
s u r f a c e s .  Q u a r t z  -  u n l i k e  l i m e s t o n e  -  c a n n o t  p a r t a k e  i n  c h e m i c a l  r e a c t i o n s  w i t h  C - S - H  
b e c a u s e  o f  i t s  v e r y  l o w  s o l u b i l i t y  ( a n d ,  t h e r e f o r e ,  v e r y  l o w  d i s s o l u t i o n  r a t e ) .  F u r t h e r m o r e ,  
e v e n  w h e n  q u a r t z  d o e s  d i s s o l v e ,  s i l i c a t e  s p e c i e s  ( H 2 S i O 42 - a n d  H 3 S i O 4 -)  a r e  r e l e a s e d ,  
w h i c h  -  u n l i k e  C O 3 2 - a n i o n s ,  r e l e a s e d  f r o m  t h e  d i s s o l u t i o n  o f  l i m e s t o n e  -  c a n n o t  p a r t a k e  
i n  a n i o n - e x c h a n g e  r e a c t i o n s  w i t h  C - S - H  ( b e c a u s e  C - S - H  i s  a l r e a d y  r i c h  i n  s i l i c a t e  
c o n t e n t ) .  R e s u l t s  s h o w n  i n  F i g u r e  8  -  w h i c h  s h o w  e q u i v a l e n t  f i l l e r  e f f e c t s  o f  l i m e s t o n e  
a n d  q u a r t z ,  a c r o s s  t h r e e  d i f f e r e n t  s e t s  o f  area matched p a s t e s  -  c o n t r a d i c t  t h e  c o n c l u s i o n s  
d r a w n  i n  p r i o r  s t u d i e s .  M o r e  s p e c i f i c a l l y ,  F i g u r e  8  c l e a r l y  s h o w s  t h a t  l i m e s t o n e ’ s  s u p e r i o r  
s u r f a c e  s t r u c t u r e  a n d  i t s  d i s t i n c t  a b i l i t y  t o  p a r t a k e  i n  i o n - e x c h a n g e  r e a c t i o n s  w i t h  C - S - H  
h a v e  l i t t l e  t o  n o  e f f e c t  o n  t h e  h y d r a t i o n  o f  C 3 S  d u r i n g  t h e  f i r s t  2 4  h .  I t  i s  c o n c e i v a b l e  t h a t  
t h e  u s e  o f  s i z e - c l a s s i f i e d  P S D s  o f  f i l l e r s  i n  t h i s  s t u d y  -  a s  o p p o s e d  t o  t h e  u s e  o f  b r o a d  
P S D s  i n  p r i o r  s t u d i e s  -  i s  a t  t h e  o r i g i n  o f  t h i s  c o n t r a d i c t i o n .  S u c h  b r o a d  P S D s  p r e s e n t  
s u r p l u s  d e g r e e s  o f  f r e e d o m  i n  t h e  a n a l y s e s  -  s u c h  a s ,  d i s p a r i t i e s  i n  s u r f a c e  a r e a  a n d  
a g g l o m e r a t i o n  o f  f i l l e r  p a r t i c u l a t e s  -  t h u s  m a k i n g  i t  d i f f i c u l t  t o  i s o l a t e  a n d  q u a n t i f y  b o t h  
( p a r t i c l e )  s i z e - i n d e p e n d e n t  a n d  s i z e - d e p e n d e n t  i n f l u e n c e s  o f  t h e  f i l l e r  o n  C - S - H  
n u c l e a t i o n  a n d  g r o w t h .  I n  t h i s  s t u d y ,  a s  s i z e - c l a s s i f i e d  f i l l e r s  w i t h  n a r r o w  P S D s  w e r e  
u s e d ,  i t  i s  e x p e c t e d  t h a t  t h e  i n f l u e n c e s  o f  t h e s e  f a c t o r s  w e r e  m i n i m a l ,  t h u s  p e r m i t t i n g  
d i r e c t  c o m p a r i s o n  o f  t h e  i n t r i n s i c ,  s i z e - i n d e p e n d e n t  f i l l e r  e f f e c t s  o f  t h e  a d d i t i v e  m a t e r i a l s .
L o o k i n g  b e y o n d  q u a r t z ,  l i m e s t o n e ,  a n d  r u t i l e ,  i t  i s  i m p o r t a n t  t o  p o i n t  o u t  t h a t  i n  
[ C 3 S  +  c o r u n d u m ]  p a s t e s  -  r e g a r d l e s s  o f  t h e  s i z e - c l a s s  o f  t h e  a d d i t i v e  -  a l l  t h r e e  
c a l o r i m e t r i c  p a r a m e t e r s  a r e  c o n s i s t e n t l y  a n d  s u b s t a n t i a l l y  l o w e r  c o m p a r e d  t o  o t h e r  b i n a r y  
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F ig u re  8. C a lo r im e tr ic  p a ra m e te rs :  (a )  in v e rs e  o f  t im e  to  th e  m a in  h y d ra tio n  p eak ; (b ) 
s lo p e  o f  th e  a c c e le ra tio n  reg im e ; a n d  (c )  h e a t  f lo w  a t th e  m a in  h y d ra tio n  p e a k , e x tra c te d  
f ro m  h e a t  e v o lu tio n  p ro f i le s  o f  area matched b in a ry  p a s te s . R e s u lts  a re  g ro u p e d  o n  th e  
b a s is  o f  s iz e -c la sse s  o f  th e  f il le rs  u s e d  to  d e s ig n  th e  p a s te s . F o r  th e  as received, fine, an d  
coarse s iz e -c la sse s , th e  v a lu e s  o f  SSAsolid a re  6 2 6 .6 1  m 2. k g -1, 7 8 9 .3 2  m 2. k g -1, an d  
5 8 9 .8 4  m 2. k g -1, re sp e c tiv e ly . T h e  so lid  g ra y  l in e s  re p re s e n t  c a lo r im e tr ic  p a ra m e te rs  o f  
th e  p la in  C 3S  p as te . F o r  a  g iv e n  sy s te m , th e  u n c e r ta in ty  in  e a c h  c a lo r im e tr ic  p a ra m e te r
is  ±  2% .
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i t  re su lts  in  s u p p re s s io n , ra th e r  th a n  e n h a n c e m e n t, o f  C 3 S h y d ra tio n  a t v e ry  e a rly  ag es . I t 
is  w o r th  h ig h lig h tin g  th a t  c o ru n d u m ’s in f lu e n c e  o n  C 3 S h y d ra tio n  is  s im ila r  to  th o se  o f  
o th e r  a lu m in u m -r ic h  c o m p o u n d s  (e .g ., m e ta k a o lin , A h O 3 n a n o p a rtic le s , a n d  so lu b le  A l 
sa lts ). S ev e ra l p r io r  s tu d ie s  h a v e  sh o w n  th a t  a lu m in u m -r ic h  c o m p o u n d s  su p p re s s  C 3 S 
h y d ra tio n  ra te s  a t re la tiv e ly  e a r ly -a g e s  -  re s u ltin g  in  p ro lo n g e d  in d u c tio n  p e r io d  an d  
d e la y e d  o c c u rre n c e  o f  th e  m a in  h y d ra tio n  p e a k  [7 -9 ,1 2 ,4 1 - 4 3 ] .  O n  th e  b a s is  o f  th e se  
s tu d ie s , i t  is  h y p o th e s iz e d  th a t  in  [C 3 S +  c o ru n d u m ] p a s te s , p ro tra c t io n  o f  th e  in d u c tio n  
p e r io d  a n d  d e la y  in  o c c u rre n c e  o f  th e  m a in  h y d ra tio n  p e a k  a re , e s se n tia lly , l in k e d  to  th e  
d isc h a rg e  o f  a lu m in a te  (A l(O H ) 4 -) io n s  f ro m  th e  d is s o lu tio n  o f  c o ru n d u m . T h e  a lu m in a te  
a n io n s , o n c e  in  th e  p o re - s o lu tio n  o f  th e  p a s te s , a re  a b le  to  a d so rb  o n to  C 3 S p a rtic u la te s  
a n d  p a s s iv a te  th e  a d s o rb e n t’s su rfa c e s  th ro u g h  th e  p re c ip ita tio n  o f  m e ta s ta b le  
a lu m in o s ilic a te  c o m p le x e s  [7 ,8 ,4 3 ] (c o m p r is in g  o f  a lu m in a te  an io n s , a n d  C a 2 +  a n d  O H - 
io n s  th a t  fo rm  an  e le c tro s ta tic  d o u b le - la y e r  in c lo s in g  th e  C 3 S p a r t ic u la te s ’ su rfa c es) . S u ch  
p a s s iv a tio n , e s se n tia lly , b lo c k s  d is s o lu tio n  s ite s  (e .g ., k in k s  o n  e tc h  p its  o f  C 3 S su rfa c es  
[8 ,4 4 ])  o n  C 3 S p a r t ic u la te s ’ su rfa c es , th u s  r e s u ltin g  in  d e c e le ra t io n  o f  C 3 S ’s d is so lu tio n  
d y n a m ic s  a n d  p ro lo n g a tio n  o f  th e  in d u c tio n  p e rio d . P o te n tia l  C -S -H  n u c le a tio n  s ite s  on  
C 3 S p a r t ic u la te s ’ su rfa c e s  a re  a lso  b lo c k e d  b e c a u s e  o f  th e  a fo re sa id  su rfa c e  p a ss iv a tio n ; 
th is  p o in t  is  e la b o ra te d  fu r th e r  in  se c tio n  3 .2 . W ith  tim e , as C 3 S p ro g re s s iv e ly  (an d  
s lo w ly )  d isso lv e s , th e  p H  o f  (o r  c o n c e n tra t io n  o f  O H - io n s  in )  th e  p o re -s o lu tio n  c o n tin u e s  
to  r ise . O n c e  th e  p H  r is e s  to  C H  sa tu ra tio n  lev e l (i.e ., p H  ~  12 .68  [8 ,1 1 ,1 2 ,1 8 ]) , th e  
a lu m in o s ilic a te  c o m p le x e s  o n  C 3 S su rfa c e s  a re  re n d e re d  th e rm o d y n a m ic a lly  u n s ta b le  [8]. 
A t (an d  b e y o n d )  th is  p o in t, th e  a lu m in a te  a n io n s  d e ta c h  f ro m  C 3 S p a r t ic u la te s ’ su rfa c e s  
[8 ,1 2 ], a n d  s ta b iliz e  in  th e  so lu tio n . T h is  d e -p a s s iv a tio n  o f  C 3 S p a r t ic u la te s ’ su rfa c e s  r e ­
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e x p o s e s  t h e m  t o  t h e  c o n t a c t i n g  s o l u t i o n ,  a n d  a l l o w s  t h e m ,  o n c e  a g a i n ,  t o  d i s s o l v e  r a p i d l y .  
S u c h  r e n e w e d  d i s s o l u t i o n  o f  C 3 S  m a n i f e s t s  a s  t e r m i n a t i o n  o f  t h e  i n d u c t i o n  p e r i o d  a n d  
o n s e t  o f  t h e  a c c e l e r a t i o n  r e g i m e .  T h e  d e l a y  i n  i n i t i a t i o n  o f  t h e  a c c e l e r a t i o n  r e g i m e  o f  
[ C 3 S  +  c o r u n d u m ]  p a s t e s  r e s u l t s  i n  d e l a y e d  o c c u r r e n c e  o f  t h e  m a i n  h y d r a t i o n  p e a k  -  a s  
c a n  b e  s e e n  i n  F i g u r e  8 a .
3.2. PHASE BOUNDARY NUCLEATION AND GROWTH (PBNG) 
SIMULATIONS
T h e  r e s u l t s  p r e s e n t e d  i n  s e c t i o n  3 . 1 .  d e s c r i b e  t h e  i n f l u e n c e  o f  d i f f e r e n t  t y p e s  o f  
f i l l e r s  o n  C 3 S  h y d r a t i o n  r a t e s  b y  e x p e r i m e n t a l  m e a n s .  T o  g a i n  f u r t h e r  i n s i g h t  t h e  p B N G  
m o d e l ,  d e s c r i b e d  a b o v e  i n  s e c t i o n  2 . 2 . 2 . ,  w a s  a p p l i e d .  W i t h i n  t h e  m o d e l ,  f o r  e a c h  p a s t e ,  
t h e  r e a c t i o n - r a t e  p r o f i l e  ( i . e . ,  da/dt a s  a  f u n c t i o n  o f  t i m e ,  a s  c a l c u l a t e d  f r o m  c a l o r i m e t r y  
p r o f i l e s )  w a s  u s e d  a s  i n p u t .  A  h e t e r o g e n e o u s  n u c l e a t i o n  a n d  g r o w t h  m e c h a n i s m ,  c o u p l e d  
w i t h  a n  o p t i m i z a t i o n  s c h e m e ,  w a s  t h e n  i n v o k e d  t o  r e p l i c a t e  t h e  i n p u t .  T o w a r d s  t h i s ,  t h e  
s i m u l a t i o n  v a r i a b l e s  t h a t  n e e d e d  t o  b e  v a r i e d - a n d - o p t i m i z e d  a r e :  n u c l e a t i o n  d e n s i t y  
(Idensity) o f  t h e  p r o d u c t ;  r e a c t i v e  a r e a  f r a c t i o n  o f  t h e  f i l l e r  (a/uter) ;  a n d  p r o d u c t ’ s  o u t w a r d  
g r o w t h  r a t e  [Gout (t)]. T h e  p B N G  m o d e l  w a s  a p p l i e d ,  a n d  w a s  s u c c e s s f u l  i n  r e p r o d u c i n g  
t h e  e x p e r i m e n t a l l y - o b t a i n e d  r e a c t i o n - r a t e  p r o f i l e s  o f  t h e  p l a i n  a n d  b i n a r y  p a s t e s  ( f i g u r e  
n o t  s h o w n ) .  O p t i m u m  v a l u e s  o f  s i m u l a t i o n  p a r a m e t e r s  f o r  t h e  d i f f e r e n t  p a s t e s  w e r e  
s u b s e q u e n t l y  c o n s o l i d a t e d ;  t h e y  a r e  s h o w n  i n  F i g u r e  9 .
F i g u r e  9 a  s h o w s  t h a t  t h e  r e a c t i v e  a r e a  f r a c t i o n  (a/mer) i s  1 . 0 0  f o r  n e a r l y  a l l  s i z e -  
c l a s s e s  o f  l i m e s t o n e ,  q u a r t z ,  a n d  c o r u n d u m  ( w i t h  a  s i n g u l a r  e x c e p t i o n :  fine  s i z e - c l a s s  o f  
q u a r t z ) .  T h i s  i m p l i e s  t h a t  i n  b i n a r y  p a s t e s  p r e p a r e d  w i t h  l i m e s t o n e ,  q u a r t z ,  a n d  c o r u n d u m ,  
d u e  t o  t h e  a b s e n c e  o f  v e r y  f i n e  p a r t i c u l a t e s  ( s i z e  <  0 . 1  p m )  i n  t h e  P S D s  ( s e e  F i g u r e  2 )  o f
t h e  f i l l e r s ,  t h e  e f f e c t s  o f  p a r t i c u l a t e  a g g l o m e r a t i o n  a r e  n e g l i g i b l e .  I n  c o n t r a s t ,  f o r  r u t i l e ,  
t h e  v a l u e s  o f  afiiier a r e  l e s s  t h a n  u n i t y  f o r  t h e  fine  a n d  as received  s i z e - c l a s s e s .  T h i s  s h o w s  
t h a t ,  d u e  t o  t h e  e f f e c t s  o f  p a r t i c u l a t e  a g g l o m e r a t i o n ,  a  f r a c t i o n  o f  s u r f a c e  a r e a  o f  r u t i l e  
p a r t i c u l a t e s  i s  u n a b l e  t o  p a r t a k e  i n  ( i . e . ,  c o n t r i b u t e  p o t e n t i a l  n u c l e a t i o n  s i t e s  f o r )  
n u c l e a t i o n  a n d  g r o w t h  o f  C - S - H .  T h e s e  r e s u l t s  v a l i d a t e  t h e  h y p o t h e s i s  m a d e  a b o v e  -  t h a t  
s l i g h t l y  l o w e r  v a l u e s  o f  c a l o r i m e t r i c  p a r a m e t e r s  o f  [ C 3 S  +  r u t i l e ]  p a s t e s ,  c o m p a r e d  t o  
t h o s e  o f  [ C 3 S  +  l i m e s t o n e ]  a n d  [ C 3 S  +  q u a r t z ]  p a s t e s  ( F i g u r e  8 ) ,  a r e  d u e  t o  t h e  e f f e c t s  o f  
a g g l o m e r a t i o n  o f  f i n e  r u t i l e  p a r t i c u l a t e s .
F i g u r e  9 b  s h o w s  t h e  p r o d u c t  n u c l e a t i o n  d e n s i t y  (Idensity) i n  t h e  b i n a r y  p a s t e s ,  a s  
e s t i m a t e d  f r o m  p B N G  s i m u l a t i o n s .  R e a d e r s  a r e  r e m i n d e d  t h a t  Idensity r e p r e s e n t s  t h e  t o t a l  
n u m b e r  o f  C - S - H  n u c l e i ,  f o r m e d  a t  t h e  n u c l e a t i o n  e v e n t ,  n o r m a l i z e d  b y  t h e  t o t a l  s u r f a c e  
a r e a  o f  t h e  s u b s t r a t e s  ( i . e . ,  C 3 S  a n d  f i l l e r  p a r t i c u l a t e s ) .  A s  c a n  b e  s e e n ,  w i t h  t h e  e x c e p t i o n  
o f  c o r u n d u m ,  Idensity r e m a i n s  b r o a d l y  t h e  s a m e  a c r o s s  a l l  b i n a r y  p a s t e s ,  r e g a r d l e s s  o f  t h e  
s i z e - c l a s s  o r  r e p l a c e m e n t  l e v e l  o f  t h e  f i l l e r .  F u r t h e r m o r e ,  t h e  m a g n i t u d e s  o f  Idensity i n  a l l  
[ C 3 S  +  l i m e s t o n e ] ,  [ C 3 S  +  q u a r t z ] ,  a n d  [ C 3 S  +  r u t i l e ]  p a s t e s  a r e  c o m m e n s u r a b l e  t o  t h a t  o f  
t h e  p l a i n  p a s t e  ( i . e . ,  5 . 2  p m -2 ) .  T h e s e  r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  m i c r o s c o p y - b a s e d  
f i n d i n g s  o f  B e r o d i e r  a n d  S c r i v e n e r  [ 5 3 ] ,  w h e r e i n  t h e  a u t h o r s  h a d  r e p o r t e d  t h a t  t h e  
a v e r a g e  d i s t r i b u t i o n  o f  C - S - H  n u c l e i  o n  s u b s t r a t e s  o f  f i l l e r - c o n t a i n i n g  b i n a r y  p a s t e s  a r e  
a n a l o g o u s  t o  t h o s e  o f  p l a i n  p a s t e s .  I m p o r t a n t l y ,  t h e  r e s u l t s  e n t a i l  t h a t ,  i n  t e r m s  o f  
f a c i l i t a t i n g  h e t e r o g e n e o u s  n u c l e a t i o n  o f  C - S - H  o n  t h e i r  t o p o g r a p h i c a l  s i t e s ,  l i m e s t o n e ,  
r u t i l e ,  a n d  q u a r t z  a r e  g e n e r a l l y  e q u i v a l e n t ,  n o t  j u s t  a m o n g  e a c h  o t h e r  b u t  a l s o  w i t h  r e s p e c t  
t o  C 3 S .  T h e  e q u i v a l e n c e  b e t w e e n  Idensity o f  l i m e s t o n e - c o n t a i n i n g  a n d  q u a r t z - c o n t a i n i n g  
p a s t e s  i s  p a r t i c u l a r l y  i m p o r t a n t  a s  i t  s h o w s  t h a t  l i m e s t o n e ’ s  s u p e r i o r  s u r f a c e  s t r u c t u r e
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( t h a t  f a v o r s  h e t e r o g e n e o u s  n u c l e a t i o n  o f  C - S - H )  [ 2 9 , 5 2 , 5 3 ]  a n d  i t s  a b i l i t y  t o  p a r t a k e  i n  
a n i o n - e x c h a n g e  r e a c t i o n s  w i t h  C - S - H  ( t h a t  e n h a n c e s  d r i v i n g  f o r c e  f o r  C - S - H  g r o w t h )  
[ 1 3 , 2 9 ]  h a v e  l i t t l e  t o  n o  e f f e c t  o n  t h e  n u c l e a t i o n  a n d  g r o w t h  o f  C - S - H  w i t h i n  t h e  f i r s t  2 4  h  
o f  h y d r a t i o n .  I n  F i g u r e  9 b ,  i t  i s  i m p o r t a n t  t o  n o t e  t h a t  Idensity o f  c o r u n d u m - c o n t a i n i n g  
p a s t e s ,  o f  a l l  s i z e - c l a s s e s ,  a r e  c o n s i s t e n t l y  l o w e r  t h a n  t h e  p l a i n  a n d  o t h e r  b i n a r y  p a s t e s .  
R e m a r k a b l y ,  s u c h  d e c l i n e  i n  Idensiy w a s  a l s o  r e p o r t e d  i n  [ C 3 S  +  m e t a k a o l i n ]  p a s t e s .  A s  
w i t h  m e t a k a o l i n - c o n t a i n i n g  p a s t e s ,  i t  i s  h y p o t h e s i z e d  t h a t  [ C 3 S  +  c o r u n d u m ]  p a s t e s  h a v e  
l o w e r  Idensity d u e  t o  t h e  r e l e a s e  o f  a l u m i n a t e  a n i o n s  f r o m  t h e  d i s s o l u t i o n  o f  c o r u n d u m .
M o r e  s p e c i f i c a l l y ,  t h e  a l u m i n a t e  a n i o n s  i n  t h e  p o r e - s o l u t i o n  o f  t h e  p a s t e  p r o g r e s s i v e l y  
a d s o r b  o n t o  b o t h  C 3 S  a n d  c o r u n d u m  p a r t i c u l a t e s ,  p a s s i v a t i n g  t h e i r  s u r f a c e s ,  a n d  t h e r e f o r e  
p o t e n t i a l  s i t e s  f o r  C - S - H  n u c l e a t i o n  ( n o t  j u s t  C 3 S  d i s s o l u t i o n  s i t e s )  a r e  b l o c k e d .  S u c h  
d i m i n u t i o n  i n  C - S - H  n u c l e a t i o n  s i t e s  i n  [ C 3 S  +  c o r u n d u m ]  p a s t e s  s c a l e s  w i t h  S S A  ( o r  
f i n e n e s s )  o f  c o r u n d u m .  F o r  i n s t a n c e ,  c o r u n d u m  o f  t h e  fine  s i z e - c l a s s ,  d u e  t o  i t s  h i g h e r  
S S A ,  i s  a b l e  t o  d i s s o l v e  f a s t e r ,  a n d ,  t h e r e f o r e ,  r e s u l t  i n  g r e a t e r  d e c l i n e  i n  Idensity a s  
c o m p a r e d  t o  i t s  coarse s i z e - c l a s s  c o u n t e r p a r t  ( F i g u r e  9 b ) .  L a s t l y ,  i t  s h o u l d  b e  n o t e d  t h a t  
l o w e r  v a l u e s  o f  C - S - H  n u c l e a t i o n  d e n s i t y  i n  [ C 3 S  +  c o r u n d u m ]  p a s t e s  m a n i f e s t  a s :  ( i )  
l o w e r  v a l u e s  o f  t h e  c a l o r i m e t r i c  p a r a m e t e r ,  s l o p e  o f  t h e  a c c e l e r a t i o n  r e g i m e  ( F i g u r e  8 b ) ;
( i i )  b r o a d e r  h y d r a t i o n  p e a k s  ( F i g u r e  7 ) ;  a n d  ( i i i )  l o w e r  a n d  h i g h e r  c u m u l a t i v e  h e a t  
r e l e a s e d  a t  v e r y  e a r l y  a n d  l a t e r  a g e s ,  r e s p e c t i v e l y  ( F i g u r e  6 b )  i n  a l l  c o r u n d u m - c o n t a i n i n g  
p a s t e s ,  c o m p a r e d  t o  t h e  p l a i n  a n d  o t h e r  b i n a r y  p a s t e s .  I t  i s  p o s i t e d  t h a t  s u c h  s i m i l a r i t y  
b e t w e e n  e x p e r i m e n t s  a n d  s i m u l a t i o n s  v a l i d a t e s  t h e  p B N G  m o d e l  a n d  i t s  i m p l e m e n t a t i o n .
N e x t ,  t h e  p a i r  o f  p B N G  s i m u l a t i o n  p a r a m e t e r s ,  afuter a n d  Idensity, w e r e  c o m b i n e d  
( u s i n g  E q u a t i o n  3 )  t o  c a l c u l a t e  Nnuc, t h e  t o t a l  n u m b e r  o f  p r o d u c t  n u c l e i  ( p e r  u n i t  m a s s  o f
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C 3 S) th a t  p re c ip ita te d  a t th e  n u c le a tio n  e v e n t  in  a ll p a s te s . T h e  re s u lts  a re  sh o w n  in  F ig u re  
9c. A s  c a n  b e  seen , Nnuc o f  a ll area matched [C 3 S +  l im e s to n e ] , [C 3 S +  q u a rtz ] , a n d  [C 3 S 
+  ru tile ]  p a s te s  a re  c o n s is te n tly  la rg e r  th a n  Nnuc o f  th e  p la in  p a s te  (i.e ., 2 .9 0  x  1 0 1 2  g C 3 S - 1 ). 
F u r th e rm o re , fo r  an y  g iv e n  f i l le r  (e .g ., l im e s to n e ) , a m o n g  th e  th re e  s iz e -c la sse s , th e  
v a lu e s  o f  Nnuc sc a le  in  re la tio n  to  th e  SSAsoiid(e .g ., Nnuc o f  [C 3 S +  fine  lim e s to n e ]  >  Nnuc o f  
[C 3 S +  coarse l im e s to n e ]) . T h e se  re su lts  c o n firm  th a t  e n h a n c e m e n t o f  C 3 S h y d ra tio n  -  o r  
in c re m e n t in  th e  n u m b e r  o f  C -S -H  n u c le i th a t  fo rm  a t th e  n u c le a tio n  e v e n t -  in  th e  
a fo re m e n tio n e d  b in a ry  p a s te s  a re  d u e  to  th e  p ro v is io n  o f  a d d itio n a l C -S -H  n u c le a tio n  
s ite s  b y  th e  f ille r . A s  su ch , th e  in te n s ity  o f  th e  f i l le r  e ffe c t in c re a s e s  m o n o to n ic a lly  w ith  
in c re a s in g  m a g n itu d e  o f  th e  f i l le r ’s e ffe c tiv e  su rfa c e  a rea . In  F ig u re  9c, i t  is  im p o r ta n t  to  
n o te  th a t  in  e a c h  s iz e -c la ss  o f  th e  f i l le r  (i.e ., as received, fine, a n d  coarse), Nnuc o f  b in a ry  
p a s te s  p re p a re d  u s in g  l im e s to n e , q u a rtz , a n d  ru ti le  a re  b ro a d ly  s im ila r  to  e a c h  o th e r  
(a lb e it, w i th  a  fe w  m in o r  d if fe re n c e s  th a t  a re  e x p la in e d  n e x t) . In  p a s te s  fo rm u la te d  u s in g  
th e  coarse a n d  as received  s iz e -c la sse s  o f  f ille rs , d if fe re n c e s  in  Nnuc a m o n g  lim e s to n e - , 
q u a rtz - , a n d  ru ti le -c o n ta in in g  p a s te s  a re  m in o r  ( i.e ., w ith in  ±  2  u n its )  a n d  w ith in  th e  
m a rg in s  o f  e x p e rim e n ta l e rro rs  (e n u m e ra te d  a b o v e ). H o w e v e r , in  p a s te s  fo rm u la te d  u s in g  
th e  fine  s iz e -c la ss  o f  f il le rs , th e  d iffe re n c e s  in  Nnuc a m o n g  th e  th re e  b in a ry  p a s te s  a re  
la rg e r  ( i.e ., w ith in  ±  6 u n its )  a n d  c a n  b e  ra n k e d  as: l im e s to n e  >  q u a rtz  >  ru tile . I t  is  
h y p o th e s iz e d  th a t  th e  lo w e r  v a lu e s  o f  Nnuc in  ru ti le -  a n d  q u a r tz -c o n ta in in g  p a s te s  (as 
c o m p a re d  to  l im e s to n e -c o n ta in in g  p a s te s )  a re  e x c lu s iv e ly  d u e  to  th e  e ffe c ts  o f  p a r tic u la te  
a g g lo m e ra tio n  -  w h ic h  is  c le a rly  h ig h lig h te d  in  F ig u re  9 a  ( fo r  th e  fine  s iz e -c la ss ) . 
F u r th e rm o re , as C -S -H  n u c le a tio n  d e n s ity  in  th e s e  p a s te s  a re  id e n tic a l (F ig u re  9b ), i t  c an  
b e  sa id  th a t  th e  in h e re n t  f i l le r  e ffe c ts  o f  lim e s to n e , q u a rtz , a n d  ru ti le  a re  a p p ro x im a te ly
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e q u i v a l e n t .  S i m p l y  p u t ,  a t  e q u i v a l e n t  S S A s  a n d  r e p l a c e m e n t  l e v e l s ,  l i m e s t o n e ,  q u a r t z ,  a n d  
r u t i l e  a r e  e x p e c t e d  t o  p r o d u c e  s i m i l a r  e n h a n c e m e n t s  i n  C 3 S  h y d r a t i o n  ( d i r e c t l y  i n  r e l a t i o n  
t o  t h e i r  S S A ) ,  p r o v i d e d  t h a t  t h e  e f f e c t s  o f  p a r t i c u l a t e  a g g l o m e r a t i o n  a r e  e n t i r e l y  n e g a t e d .
G o i n g  b a c k  t o  F i g u r e  9 c ,  i t  c a n  b e  s e e n  t h a t  o w i n g  t o  t h e  r e d u c t i o n  i n  I density 
( F i g u r e  9 b ) ,  t h e  v a l u e s  o f  N n u c  i n  [ C 3 S  +  c o r u n d u m ]  p a s t e s ,  i n  e a c h  s i z e - c l a s s ,  a r e  
c o n s i s t e n t l y  l o w e r  t h a n  t h e  p l a i n  p a s t e  ( i . e . ,  2 . 9 0  x  1 0 1 2  g C 3 S - 1 )  a n d  a l l  o t h e r  b i n a r y  p a s t e s  
o f  t h e  s a m e  s i z e - c l a s s .  I m p o r t a n t l y ,  t h e s e  r e s u l t s  c o n f i r m  t h a t  s u p p r e s s i o n  o f  e a r l y - a g e  
h y d r a t i o n  o f  C 3 S  b y  c o r u n d u m  i s  d i r e c t l y  l i n k e d  w i t h  i t s  a b i l i t y  t o  d i s s o l v e  a n d  r e l e a s e  
a l u m i n a t e  a n i o n s  i n t o  t h e  p o r e - s o l u t i o n  o f  t h e  p a s t e .  T h i s  i s  p r e c i s e l y  w h y  f i n e  c o r u n d u m  
-  w h i c h  i s  e x p e c t e d  t o  d i s s o l v e  f a s t e r ,  o w i n g  t o  i t s  h i g h e r  S S A  c o m p a r e d  t o  o t h e r  P S D s  
( s e e  T a b l e  1 )  -  r e s u l t s  i n  f a s t e r  r e l e a s e  o f  a l u m i n a t e  a n i o n s ,  w h i c h  s u b s e q u e n t l y  p a s s i v a t e  
t h e  s u b s t r a t e s ’ s u r f a c e s  t h u s  b l o c k i n g  m o r e  p o t e n t i a l  C - S - H  n u c l e a t i o n  s i t e s  o n  C 3 S  a n d  
c o r u n d u m  p a r t i c u l a t e s ’ s u r f a c e s  t h a n  i t s  c o a r s e  a n d  a s  r e c e i v e d  c o u n t e r p a r t s .
I t  i s  p o i n t e d  o u t  t h a t ,  i n  p B N G  s i m u l a t i o n s ,  i n  a d d i t i o n  t o  a fu ter a n d  I density, G out( t )  
w a s  a l s o  v a r i e d .  T h e  o p t i m a l  f u n c t i o n  f o r m s  o f  G out( t ) ,  t h a t  w e r e  a c q u i r e d  f o r  t h e  c o n t r o l  
a n d  [ C 3 S  +  f i l l e r ]  p a s t e s ,  w e r e  b r o a d l y  s i m i l a r  t o  e a c h  o t h e r  ( F i g u r e  1 0 ) ,  w i t h  t h e  
e x c e p t i o n  o f  t h e  f o r m s  o b t a i n e d  f o r  [ C 3 S  +  c o r u n d u m ]  p a s t e s .  T h i s  s u g g e s t s  -  a s  h a s  a l s o  
r e p o r t e d  i n  p r i o r  s t u d i e s  [ 2 9 , 4 9 , 5 3 ]  -  t h a t  w h i l e  f i l l e r s  s u b s t a n t i a l l y  a f f e c t  t h e  n u c l e a t i o n  
o f  C - S - H  ( a t  t h e  n u c l e a t i o n  e v e n t ) ,  t h e i r  i n f l u e n c e  o n  t h e  p o s t - n u c l e a t i o n  g r o w t h  o f  C - S -  
H  i s  p r e d o m i n a n t l y  d r i v e n  b y  i t s  s u p e r s a t u r a t i o n  i n  t h e  s o l u t i o n  [ 1 1 , 1 5 ] .  W i t h  t h a t  n o t e d ,  
t h e  o u t w a r d  p r o d u c t  g r o w t h  r a t e  o f  a s  r e c e i v e d  a n d  c o a r s e  [ C 3 S  +  a r e a  m a t c h e d  
c o r u n d u m ]  p a s t e s  a r e  n o t i c e a b l y  l o w e r  c o m p a r e d  t o  t h e  c o n t r o l  p a s t e ’ s  g r o w t h  r a t e  f o r  
t h e  i n i t i a l  2 0  h  o r  s o  o f  h y d r a t i o n  ( F i g u r e  1 0 a  a n d  1 0 b ) .  S i m i l a r l y  p r e s e n t e d  i n  L a p e y r e
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F i g u r e  9 .  p B N G  s i m u l a t i o n  p a r a m e t e r s :  ( a )  r e a c t i v e  a r e a  f r a c t i o n  o f  t h e  f i l l e r  (a/m er ) ;  ( b )  
p r o d u c t  n u c l e a t i o n  d e n s i t y  (Idensity); a n d  ( c )  t o t a l  n u m b e r  o f  s u p e r c r i t i c a l  p r o d u c t  n u c l e i  
(Nnuc), o b t a i n e d  f r o m  n u m e r i c a l - r e p r o d u c t i o n  o f  e x p e r i m e n t a l l y - m e a s u r e d  r e a c t i o n - r a t e  
p r o f i l e s  o f  area matched b i n a r y  p a s t e s .  R e s u l t s  a r e  g r o u p e d  o n  t h e  b a s i s  o f  s i z e - c l a s s e s  o f  
f i l l e r s  u s e d  t o  d e s i g n  t h e  p a s t e s .  F o r  t h e  as received, fine, a n d  coarse s i z e - c l a s s e s ,  t h e  
v a l u e s  o f  SSAsolid a r e  6 2 6 . 6 1  m 2 . k g - 1 , 7 8 9 . 3 2  m 2 . k g - 1 , a n d  5 8 9 . 8 4  m 2 . k g - 1 , r e s p e c t i v e l y .  
T h e  s o l i d  g r a y  l i n e  r e p r e s e n t s  s i m u l a t i o n  p a r a m e t e r s  o f  t h e  p l a i n  C 3 S  p a s t e .  F o r  a  g i v e n  
s y s t e m ,  t h e  u n c e r t a i n t y  i n  e a c h  c a l o r i m e t r i c  p a r a m e t e r  i s  ±  2 % .
and Kumar [7] and their consecutive work [43], the suppression of Gout(t), observed in 
[C3 S + corundum] pastes is thought to occur due to some of the remaining aluminate 
anions in solution adsorbing onto C-S-H, inhibiting C-S-H growth. C-S-H growth is 
noticeably suppressed for an extended timeframe (i.e., 30 h) in Figure 10c, as compared 
to 10a and 10b, after which the effects of aluminate anions on Gout(t) of the paste 
prepared with fine  corundum is lessened. The extended suppression of Gout(t) in Figure 
10c is thought to be a result of corundum dissolving at a faster rate and/or to a greater 
degree due to increased SSA in the paste system compared to the as received  and coarse 
[C3 S + area matched corundum] pastes, and therefore releasing a greater amount of 
aluminate anions in solution to inhibit both C-S-H nucleation and growth.
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(a) (b) (c)
Figure 10. The temporal evolution of outward growth rate of the product (G out (t)), as 
obtained from pBNG simulations, for: [C3 S + area matched filler] pastes prepared 
with (a) as received, (b) coarse, and (c) fine  size-classes. For the as received, coarse, 
and fine  size-classes, the values of SSAsolid are 626.61 m2 . kg- 1 , 589.84 m2 . kg- 1 , and
789.32 m2 . kg- 1 , respectively.
In the above discussions, various results obtained from the pBNG simulations 
have been compared with experimental results (i.e., the heat evolution profiles, and the
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c a l o r i m e t r i c  p a r a m e t e r s  t h a t  w e r e  e x t r a c t e d  d i r e c t l y  f r o m  t h e  p r o f i l e s ) .  F i g u r e  1 1  d i r e c t l y  
c o m p a r e s  t h e  p r i n c i p a l  p B N G  s i m u l a t i o n  p a r a m e t e r  ( i . e . ,  Nnuc) a g a i n s t  t w o  c a l o r i m e t r i c  
p a r a m e t e r s  ( i . e . ,  s l o p e  o f  t h e  a c c e l e r a t i o n  r e g i m e ;  a n d  t h e  i n v e r s e  o f  t i m e  t o  t h e  m a i n  
h y d r a t i o n  p e a k ) .  A s  c a n  b e  s e e n ,  a c r o s s  a  w i d e  r a n g e  o f  p a s t e s  -  f o r m u l a t e d  u s i n g  
d i f f e r e n t  t y p e s  a n d  c o n t e n t s  o f  f i l l e r s  -  t h e  c o r r e l a t i o n  b e t w e e n  s i m u l a t i o n s  a n d  
e x p e r i m e n t s  i s  g o o d .  B i n a r y  p a s t e s  ( c o m p a r e d  t o  t h e  p l a i n  p a s t e ) ,  f e a t u r e  h i g h e r  
c a l o r i m e t r i c  p a r a m e t e r  v a l u e s ,  a n d ,  a c c o r d i n g l y ,  h i g h e r  v a l u e s  o f  Nnuc. L i k e w i s e ,  i n  a l l  
[ C 3 S  +  c o r u n d u m ]  p a s t e s ,  o w i n g  t o  t h e  s u p p r e s s i o n  o f  C 3 S  h y d r a t i o n  a t  v e r y  e a r l y - a g e s  
( i n c l u d i n g  t h e  n u c l e a t i o n  e v e n t ) ,  c a l o r i m e t r i c  p a r a m e t e r s  a s  w e l l  a s  Nnuc v a l u e s  a r e  l o w e r  
c o m p a r e d  t o  t h e  p l a i n  a n d  o t h e r  b i n a r y  p a s t e s .  I n  t h e  c o n t e x t  o f  l i m e s t o n e ,  i t  i s  i m p o r t a n t  
t o  p o i n t  o u t  t h a t  t h e  p B N G  m o d e l  -  a s  p r e s e n t e d  i n  S e c t i o n  2 . 2 . 2 .  -  a c c o u n t s  f o r  t h e  
p h y s i c a l  m a n i f e s t a t i o n s  o f  t h e  f i l l e r  e f f e c t  ( i . e . ,  n u c l e a t i o n  o f  C - S - H  o n  a d d i t i o n a l  
l i m e s t o n e  s u r f a c e s )  b u t  n o t  t h e  c h e m i c a l  m a n i f e s t a t i o n s  ( i . e . ,  a n i o n - e x c h a n g e  r e a c t i o n  
b e t w e e n  l i m e s t o n e  a n d  C - S - H ) .  T h e r e f o r e ,  o n  t h e  b a s i s  o f  t h e  g o o d  a g r e e m e n t  b e t w e e n  
s i m u l a t i o n s  a n d  e x p e r i m e n t s  s h o w n  i n  F i g u r e  1 1 ,  i t  c a n  b e  s a i d  t h a t  t h e  f i l l e r  e f f e c t  o f  
l i m e s t o n e  i s  p r e d o m i n a n t l y  d u e  t o  i t s  p h y s i c a l  a b i l i t y  t o  a l l o w  h e t e r o g e n e o u s  n u c l e a t i o n  
o f  C - S - H  -  w i t h  l i t t l e  t o  n o  c o n t r i b u t i o n  f r o m  i t s  a b i l i t y  t o  e n g a g e  i n  a n i o n - e x c h a n g e  
r e a c t i o n  w i t h  C - S - H .  O v e r a l l ,  F i g u r e  1 1  c o n f i r m s  t h a t  t h e  p B N G  m o d e l  i s  a b l e  t o  c a p t u r e  
t h e  e s s e n c e  o f  c a l o r i m e t r y  e x p e r i m e n t s ,  a n d  t h a t  Nnuc -  a  s i m u l a t i o n  p a r a m e t e r  -  i s  a b l e  t o  
s e r v e  a s  a  s i n g u l a r ,  u n i f i e d  m e a s u r e  o f  t h e  f i l l e r  e f f e c t  o f  d i f f e r e n t  t y p e s  o f  f i l l e r s .
O v e r a l l ,  t h e  r e s u l t s  p r e s e n t e d  i n  t h i s  s e c t i o n  s h o w  t h a t  t h e  f i l l e r  e f f e c t s  o f  l i m e s t o n e ,  
q u a r t z ,  a n d  r u t i l e  -  i n  t e r m s  o f  e n h a n c i n g  e a r l y - a g e  h y d r a t i o n  o f  C 3 S  -  a r e  e q u i v a l e n t ,  
a n d  s o l e l y  d i c t a t e d  b y  m a g n i t u d e s  o f  a d d i t i o n a l  s u r f a c e  a r e a  t h e y  p r o v i d e  f o r
h e te ro g e n e o u s  n u c le a tio n  o f  C -S -H . In  sp ite  o f  th is  e q u iv a le n c e , m in o r  d if fe re n c e s  in  
h y d ra tio n  k in e tic s  o f  [C 3 S +  f ille r]  p a s te s  w ith  e q u iv a le n t  S S A s m a y  a rise . N o n e th e le s s , 
th e s e  d if fe re n c e s  c a n  b e  re c o n c ile d  e x c lu s iv e ly  o n  th e  b a s e s  o f  th e  e ffe c ts  o f  p a r tic u la te  
a g g lo m e ra tio n . [C 3 S +  c o ru n d u m ] p a s te s  d o  n o t  fe a tu re  th e  sa m e  a c c e le ra tio n  in  C 3 S 
h y d ra tio n  ra te s  as  th e  o th e r  [C 3 S +  f ille r]  p a s te s  do . R a th e r , c o ru n d u m  s u p p re s se s  C 3 S 
h y d ra tio n  ra te s  fo r  se v e ra l h o u rs  a f te r  m ix in g . T h e  in f lu e n c e  o f  c o ru n d u m  o n  C 3 S 
h y d ra tio n  is  b e tte r  sh o w n  in  F ig u re  12, w h ic h  fe a tu re s  fo u r  d if fe re n t  P S D s  a n d  f iv e  
d if fe re n t  re p la c e m e n t le v e ls  o f  c o ru n d u m  in  th e  p a s te s . A s  c a n  b e  seen , w ith  in c re a s in g  
re p la c e m e n t le v e ls  o f  C 3 S w ith  c o ru n d u m , th e  h y d ra tio n  p e a k  o c c u rs  la te r  a n d  b ro a d e r  
(F ig u re  12a). T h e se  tre n d s , p e r ta in in g  to  th e  m a in  h y d ra tio n  p e a k , e n c o m p a s s  p a s te s  w ith  
d if fe re n t  P S D s  o f  co ru n d u m , th u s  c o n f irm in g  th e  a rg u m e n t p re s e n te d  in  S e c tio n  2 .0  -  
th a t  in  [C 3 S +  c o ru n d u m ] p a s te s , th e  e a r ly -a g e  s u p p re s s io n  o f  C 3 S h y d ra tio n  is  d ic ta te d  
b y  c o ru n d u m  c o n te n t  (n o t  i ts  P S D  o r  f in e n e s s  o f  i ts  p a rtic u la te s ) . A s  sh o w n  in  F ig u re  
12b, a f te r  sev e ra l h o u rs  o f  s u p p re s se d  C 3 S h y d ra tio n , th e  c u m u la tiv e  h e a t  o f  -  and , 
th e re fo re , th e  d e g re e  o f  C 3 S h y d ra tio n  in  -  [C 3 S +  c o ru n d u m ] p a s te s  c o n v e rg e  to  a  h ig h e r  
v a lu e  c o m p a re d  to  th e  p la in  p a s te . P a s te s  w ith  lo w  c o ru n d u m  c o n te n t  su rp a s s  th e  
c u m u la tiv e  h e a t  o f  p la in  p a s te  e a r l ie r  c o m p a re d  to  th o se  p re p a re d  w ith  h ig h  c o ru n d u m  
co n te n t. O v e ra ll, th e  re su lts  sh o w  th a t  re g a rd le s s  o f  th e  P S D  a n d  c o n te n t  o f  c o ru n d u m , 
th e  h y d ra tio n -s u p p re s s io n  e ffe c t o f  c o ru n d u m  d im in ish e s  w ith  tim e , an d , a t la te r  ag es , th e  
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Inverse of Time to Peak [h1]
( a )  ( b )
F i g u r e  1 1 .  p B N G  s i m u l a t i o n  p a r a m e t e r  ( i . e . ,  Nnuc'. t o t a l  n u m b e r  o f  s u p e r c r i t i c a l  n u c l e i  
o f  C - S - H  f o r m e d  p e r  g r a m  o f  C 3 S )  c o m p a r e d  a g a i n s t  e x p e r i m e n t a l l y - d e r i v e d  
c a l o r i m e t r i c  p a r a m e t e r s :  ( a )  s l o p e  o f  t h e  a c c e l e r a t i o n  r e g i m e ;  a n d  ( b )  i n v e r s e  o f  t i m e
t o  t h e  m a i n  h y d r a t i o n  p e a k .
F i g u r e  1 2 .  I s o t h e r m a l  m i c r o c a l o r i m e t r y  b a s e d  d e t e r m i n a t i o n s  o f  t h e  t i m e - d e p e n d e n t :  
( a )  h e a t  f l o w  r a t e ;  a n d  ( b )  c u m u l a t i v e  h e a t  r e l e a s e d  o f  p l a i n  a n d  [ C 3 S  +  c o r u n d u m ]  
p a s t e s  p r e p a r e d  u s i n g  d i f f e r e n t  P S D s  a n d  r e p l a c e m e n t  l e v e l s  o f  c o r u n d u m .  T h e  1 5 % ,  
2 3 % ,  3 0 % ,  3 6 % ,  a n d  4 5 %  r e p l a c e m e n t  l e v e l s  o f  c o r u n d u m ,  s h o w n  i n  t h e  l e g e n d s ,  
c o r r e s p o n d  t o  as received, as received, intermediate, coarse, a n d  fine  s i z e - c l a s s e s ,  
r e s p e c t i v e l y .  U n c e r t a i n t y  i n  t h e  m e a s u r e d  h e a t  f l o w  r a t e  a t  t h e  m a i n  h y d r a t i o n  p e a k  i s  ±
2 % .
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4. SUMMARY AND CONCLUSIONS
A  se rie s  o f  o r ig in a l e x p e rim e n ts  a n d  a  m o d if ie d  fo rm  o f  th e  p h a s e  b o u n d a ry  
n u c le a tio n  a n d  g ro w th  (p B N G ) m o d e l w e re  e m p lo y e d  to  b e tte r  u n d e rs ta n d  th e  e ffe c t o f  
f i l le r  m a te r ia ls  -  in c lu d in g  th e  w e ll- e x p lo re d  lim e s to n e  a n d  q u a rtz a n d  th e  le s s -e x p lo re d  
c o ru n d u m  a n d  r u t i le -  o n  e a r ly -a g e  h y d ra tio n  o f  C 3 S. E m p h a s is  w a s  g iv e n  to  u s e  size - 
c la s s if ie d  f ille rs , w ith  s im ila r  P S D s , so  as to  e n a b le  c o m p a r is o n  o f  th e ir  in tr in s ic , s iz e -  
in d e p e n d e n t a n d  s iz e -d e p e n d e n t f i l le r  e ffe c ts  th a t  a re  d e v o id  o f  an y  c o m p le x it ie s  (e .g ., 
d isp a r it ie s  in  sp e c if ic  su rfa c e  a re a  a n d  p a r t ic u la te  a g g lo m e ra tio n ) . T h ro u g h  su ch  
c o m p a r iso n s , th is  s tu d y  a tte m p ts  to  ra n k  th e  a fo re m e n tio n e d  f il le rs  in  a c c o rd a n c e  w ith  
m a g n itu d e s  o f  th e ir  s iz e - in d e p e n d e n t f i l le r  e ffec ts .
T h e  re su lts  c le a rly  sh o w  th a t  w h e n  s iz e -c la ss if ie d  P S D s  a re  u se d , th e  f i l le r  e ffe c ts  
o f  l im e s to n e , q u a rtz , a n d  ru ti le  a re  b ro a d ly  s im ila r. F o r  e a c h  f ille r , th e  f i l le r  e ffe c t is  
p u re ly  a  p h y s ic a l m e c h a n is m , p r in c ip a lly  d r iv e n  b y  th e  a d d itio n a l su rfa c e  a re a  p ro v id e d  
b y  its  p a rtic u la te s . A s  f in e n e s s  o r  re p la c e m e n t lev e l o f  th e  f i l le r  in  th e  p a s te  in c re a se s , 
h y d ra tio n  o f  C 3 S is  p ro p o r t io n a lly  e n h a n c e d  o w in g  to  th e  a u g m e n ta tio n  in  p o te n tia l  s ite s  
fo r  h e te ro g e n e o u s  n u c le a tio n  o f  C -S -H . In  sp ite  o f  th e  e q u iv a le n c e  in  f i l le r  e ffe c ts  o f  
l im e s to n e , q u a rtz , a n d  ru tile , m in o r  d iffe re n c e s  in  h y d ra tio n  k in e tic s  o f  [C 3 S +  f ille r]  
p a s te s  w ith  e q u iv a le n t  sp e c if ic  su rfa c e  a re a s  m a y  a rise . T h e se  d iffe re n c e s , h o w e v e r , c an  
b e  a ttr ib u te d  e x c lu s iv e ly  to  a g g lo m e ra tio n  o f  f in e  p a r tic u la te s  o f  th e  f ille r , w h ic h  re s u lt  in  
r e d u c tio n  o f  su rfa c e  a re a  an d , th e re fo re , d e c lin e  in  th e  n u m b e r  o f  C -S -H  n u c le a tio n  sites. 
C o n tra ry  to  w h a t  h a s  b e e n  re p o r te d  in  p r io r  s tu d ie s , re su lts  o b ta in e d  f ro m  th is  s tu d y  
c le a rly  s h o w  th a t  l im e s to n e ’s su p e rio r  su rfa c e  s tru c tu re  ( th a t  fa v o rs  h e te ro g e n e o u s
n u c le a tio n  o f  C -S -H )  a n d  its  d is t in c t  a b ility  to  p a r ta k e  in  a n io n -e x c h a n g e  re a c tio n s  w ith  
C -S -H  ( th a t  e n h a n c e s  d r iv in g  fo rc e  fo r  C -S -H  g ro w th )  h a v e  l it tle  to  n o  e ffe c t  o n  C 3 S 
h y d ra tio n  k in e tic s  d u r in g  th e  f ir s t  2 4  h.
E x p e r im e n ta l  re s u lts  -  su p p o rte d  b y  p B N G  s im u la tio n s  -  a lso  sh o w  th a t  w h ile  
c o ru n d u m  d o e s  in f lu e n c e  C 3 S h y d ra tio n  k in e tic s , it  d o e s  n o t  s tr ic tly  fu n c tio n  as a  f i l le r  
l ik e  l im e s to n e  a n d  q u a rtz . In  [C 3 S +  c o ru n d u m ] p a s te s , w ith  in c re a s in g  re p la c e m e n t 
le v e ls  o f  C 3 S w ith  c o ru n d u m , th e  h y d ra tio n  o f  C 3 S, is  in c re a s in g ly  su p p re sse d , re su ltin g  
in  p ro tra c te d  in d u c tio n  p e r io d s  a n d  d e la y e d  o c c u rre n c e s  o f  th e  m a in  h y d ra tio n  p eak . S u ch  
su p p re s s io n  o f  C 3 S h y d ra tio n  is  a ttr ib u te d  to  a lu m in a te  a n io n s  (A l(O H ) 4 -) -  r e le a s e d  fro m  
th e  d is so lu tio n  o f  c o ru n d u m  -  th a t  a d so rb  o n to  a n h y d ro u s  p a r t ic u la te s ’ su rfa c es , an d  
in h ib it  s ite s  o f  C 3 S d is so lu tio n  a n d  h e te ro g e n e o u s  n u c le a tio n  o f  C -S -H . W ith  th e  
p ro g re s s io n  o f  tim e , th e  in h ib ito ry  e ffe c ts  o f  c o ru n d u m  a re  d im in is h e d  a n d  u ltim a te ly  
re v e rse d . A t la te r  ag es , th e  d e g re e  o f  C 3 S h y d ra tio n  in  [C 3 S +  c o ru n d u m ] p a s te  su rp a sse s  
th a t  o f  p la in  C 3 S p a s te  as w e ll as th o se  o f  b in a ry  p a s te s  fo rm u la te d  u s in g  lim e s to n e , 
q u a rtz , o r  ru ti le  w ith  e q u iv a le n t  S S A s. T h is  sh o w s  th a t  in  S S A -e q u iv a le n t  b in a ry  p a s te s , 
c o ru n d u m  -  d e sp ite  s u p p re s s in g  C 3 S h y d ra tio n  ea rly  o n  -  u l t im a te ly  e n h a n c e s  C 3 S 
h y d ra tio n  m o re  th a n  lim e s to n e , q u a rtz , a n d  ru tile .
O v e ra ll, th e  re su lts  a n d  d isc u s s io n s  p re s e n te d  in  th is  s tu d y  p ro v id e  n o v e l in s ig h ts  
in to  th e  m e c h a n is t ic  o r ig in s  o f  f i l le r  e ffe c t -  o f  c o n v e n tio n a l a n d  w id e ly -u s e d  f il le rs  as 




F u n d in g  fo r  th is  s tu d y  w a s  p ro v id e d  b y  th e  N a tio n a l  S c ie n c e  F o u n d a tio n  (C M M I: 
1 6 6 1 6 0 9  a n d  C M M I: 1 9 3 2 6 9 0 ). A ll e x p e rim e n ts  a n d  s im u la tio n s  w e re  c o n d u c te d  a t th e  
M a te r ia ls  R e s e a rc h  C e n te r , M is s o u r i  S & T .
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V. PREDICTION OF COMPRESSIVE STRENGTH OF CONCRETE: CRITICAL 
COMPARISOM OF PERFORMANCE OF A HYBRID MACHINE LEARNING 
MODEL WITH STANDALONE MODELS
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ABSTRACT
T h e  u s e  o f  m a c h i n e  l e a r n i n g  ( M L )  t e c h n i q u e s  t o  m o d e l  q u a n t i t a t i v e  c o m p o s i t i o n -  
p r o p e r t y  r e l a t i o n s h i p s  i n  c o n c r e t e  h a s  r e c e i v e d  s u b s t a n t i a l  a t t e n t i o n  i n  t h e  p a s t  f e w  y e a r s .  
T h i s  p a p e r  p r e s e n t s  a  n o v e l  h y b r i d  M L  m o d e l  ( R F - F F A )  f o r  p r e d i c t i o n  o f  c o m p r e s s i v e  
s t r e n g t h  o f  c o n c r e t e  b y  c o m b i n i n g  t h e  r a n d o m  f o r e s t s  ( R F )  m o d e l  w i t h  t h e  f i r e f l y  
a l g o r i t h m  ( F F A ) .  T h e  f i r e f l y  a l g o r i t h m  i s  u t i l i z e d  t o  d e t e r m i n e  o p t i m u m  v a l u e s  o f  t w o  
h y p e r - p a r a m e t e r s  ( i . e . ,  n u m b e r  o f  t r e e s  a n d  n u m b e r  o f  l e a v e s  p e r  t r e e  i n  t h e  f o r e s t )  o f  t h e  
R F  m o d e l  i n  r e l a t i o n  t o  t h e  n a t u r e  a n d  v o l u m e  o f  t h e  d a t a s e t .  T h e  R F - F F A  m o d e l  w a s  
t r a i n e d  t o  d e v e l o p  c o r r e l a t i o n s  b e t w e e n  i n p u t  v a r i a b l e s  a n d  o u t p u t  o f  t w o  d i f f e r e n t  
c a t e g o r i e s  o f  d a t a s e t s ;  s u c h  c o r r e l a t i o n s  w e r e  s u b s e q u e n t l y  l e v e r a g e d  b y  t h e  m o d e l  t o  
m a k e  p r e d i c t i o n s  i n  p r e v i o u s l y  u n t r a i n e d  d a t a - d o m a i n s .  T h e  f i r s t  c a t e g o r y  i n c l u d e d  t w o  
s e p a r a t e  d a t a s e t s  f e a t u r i n g  h i g h l y  n o n l i n e a r  a n d  p e r i o d i c  r e l a t i o n s h i p  b e t w e e n  i n p u t  
v a r i a b l e s  a n d  o u t p u t ,  a s  g i v e n  b y  t r i g o n o m e t r i c  f u n c t i o n s .  T h e  s e c o n d  c a t e g o r y  i n c l u d e d  
t w o  r e a l - w o r l d  d a t a s e t s ,  c o m p r i s e d  o f  m i x t u r e  d e s i g n  v a r i a b l e s  o f  c o n c r e t e s  a s  i n p u t s  a n d
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th e ir  a g e -d e p e n d e n t c o m p re s s iv e  s tre n g th s  as o u tp u ts . T h e  p re d ic tio n  p e rfo rm a n c e  o f  th e  
h y b r id  R F -F F A  m o d e l w a s  b e n c h m a rk e d  a g a in s t  c o m m o n ly  u s e d  s ta n d a lo n e  M L  m o d e ls  
-  s u p p o rt v e c to r  m a c h in e  (S V M ), m u lt i la y e r  p e rc e p tro n  a r tif ic ia l n e u ra l n e tw o rk  (M L P - 
A N N ), M 5 P r im e  m o d e l tre e  a lg o r ith m  (M 5 P ), a n d  R F . T h e  m e tr ic s  u s e d  fo r  e v a lu a tio n  o f  
p re d ic tio n  a c c u ra c y  in c lu d e d  f iv e  d if fe re n t  s ta tis tic a l p a ra m e te rs  as w e ll as a  c o m p o s ite  
p e rfo rm a n c e  in d e x  (C P I). R e s u lts  sh o w  th a t  th e  h y b r id  R F -F F A  m o d e l c o n s is te n tly  
o u tp e rfo rm s  th e  s ta n d a lo n e  M L  m o d e ls  in  te rm s  o f  p re d ic tio n  a c c u ra c y  -  re g a rd le s s  o f  
th e  n a tu re  a n d  v o lu m e  o f  da ta se ts .
K e y w o rd s : M a c h in e  L e a rn in g ; C o n c re te ; C o m p re s s iv e  S tre n g th ; R a n d o m  F o re s ts ;  F ire f ly  
A lg o r ith m .
1. INTRODUCTION
T h e  id e a  o f  u s in g  d a ta -d r iv e n  m e th o d s  -  su c h  as s u p e rv ise d  m a c h in e  le a rn in g  
(M L ) -  fo r  p re d ic tio n  a n d  o p tim iz a tio n  o f  m a te r ia ls ’ p e rfo rm a n c e  fo rm s  th e  p re m ise  o f  
th e  U n ite d  S ta te s  M a te r ia ls  G e n o m e  In it ia t iv e  [1 ,2 ]. In  p u rsu it  o f  th e  id ea , re se a rc h e rs  
f ro m  v a r io u s  sc ie n tif ic  d o m a in s  h a v e  c o m p ile d  e x te n s iv e  d a ta se ts  o f  m a te r ia ls , an d  
s u b se q u e n tly  e m p lo y e d  M L  m o d e ls  to  b e tte r  u n d e rs ta n d  th e  u n d e r ly in g  q u a n ti ta t iv e  
c o m p o s itio n -p e r fo rm a n c e  c o rre la tio n s  [3 -6 ] . K n o w le d g e  o f  su ch  c o rre la tio n s , fo r  an y  
g iv e n  m a te ria l, c a n  b e  le v e ra g e d  to  m it ig a te  th e  c o s t  a n d  t im e  in v o lv e d  in  an  E d is o n ia n  
a p p ro a c h  -  in v o lv in g  r ig o ro u s  an d  i te ra tiv e  s y n th e s is - te s t in g /a n a ly s e s  c y c le s  [7] -  to  
p re d ic t  a  m a te r ia l ’s p ro p e r tie s , o r  to  d e s ig n  a  n e w  m a te r ia l  th a t  m e e ts  a  d e s ire d  se t o f  
p e rfo rm a n c e  c rite r ia .
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C o n c r e t e  -  t h e  m o s t  p r o d u c e d - a n d - u s e d  m a t e r i a l  i n  t h e  w o r l d  -  h a s  g a r n e r e d  t h e  
i n t e r e s t  o f  s e v e r a l  r e s e a r c h e r s  w o r k i n g  t h e  a r e a  o f  M L .  T h e  f o c u s  o f  v a r i o u s  r e s e a r c h  
a r t i c l e s  [ 8 - 2 2 ]  h a s  b e e n  t o  e m p l o y  M L  m o d e l s  t o  p r e d i c t  c o n c r e t e s ’  p r o p e r t i e s  ( e . g . ,  
c o m p r e s s i v e  s t r e n g t h  a n d  r h e o l o g i c a l  p a r a m e t e r s )  u s i n g  t h e i r  m i x t u r e  d e s i g n  v a r i a b l e s  
( e . g . ,  c o n t e n t s  o f  c e m e n t ,  w a t e r ,  m i n e r a l  a d d i t i v e ( s ) ,  a n d  a d m i x t u r e ( s ) )  a n d  a g e  a s  i n p u t s .  
A m o n g  c o n c r e t e ’ s  p r o p e r t i e s ,  c o m p r e s s i v e  s t r e n g t h  i s  d e e m e d  r e l a t i v e l y  m o r e  i m p o r t a n t  
f o r  q u a l i t y  c o n t r o l ,  a n d  w i d e l y  u s e d  a s  t h e  p r i m a r y  s p e c i f i c a t i o n  c r i t e r i o n  f o r  c o n s t r u c t i o n  
o f  s t r u c t u r e s .  F u r t h e r m o r e ,  c o m p r e s s i v e  s t r e n g t h  o f  c o n c r e t e  i s  v e r y  w e l l  c o r r e l a t e d  w i t h  
o t h e r  m e c h a n i c a l  p r o p e r t i e s  ( e . g . ,  e l a s t i c  m o d u l u s ,  f l e x u r a l  s t r e n g t h ) ,  a n d ,  t h e r e f o r e ,  c a n  
b e  u s e d  t o  q u a l i t a t i v e l y  e s t i m a t e  t h e  o v e r a l l  m e c h a n i c a l  s t a b i l i t y  a n d  s u r v i v a b i l i t y  o f  t h e  
s t r u c t u r e  [ 2 3 , 2 4 ] .  B e c a u s e  o f  t h e s e  r e a s o n s ,  m o s t  o f  t h e  a f o r e m e n t i o n e d  s t u d i e s  h a v e  
f o c u s e d  o n  p r e d i c t i o n  o f  c o m p r e s s i v e  s t r e n g t h  o f  c o n c r e t e .  T h e  u t i l i z a t i o n  o f  M L  m o d e l s  
-  a s  o p p o s e d  t o  E d i s o n i a n  a p p r o a c h e s ,  o r  s i m p l e  l i n e a r  r e g r e s s i o n  m o d e l s  -  i s  t o  
o v e r c o m e  c o m p l e x i t i e s  p e r t a i n i n g  t o :  ( i )  t h e  s t a g g e r i n g l y  l a r g e  c o m p o s i t i o n a l  d e g r e e s  o f  
f r e e d o m  i n  c o n c r e t e  ( i . e . ,  m i x t u r e  d e s i g n  v a r i a b l e s ,  p e r m u t a t i o n s  a n d  c o m b i n a t i o n s  o f  
w h i c h  c a n  v a r y  w i t h i n  w i d e  r a n g e s  a n d  e x e r t  s i g n i f i c a n t  i n f l u e n c e  o n  p r o p e r t i e s ) ,  a n d  ( i i )  
t h e  i n h e r e n t  n o n l i n e a r  r e l a t i o n s h i p s  b e t w e e n  m i x t u r e  d e s i g n  v a r i a b l e s  a n d  p r o p e r t i e s  o f  
c o n c r e t e .  T o  b e  m o r e  s p e c i f i c  o n  t h e  l a t t e r  p o i n t ,  t h e  p r o p e r t i e s  o f  c o n c r e t e  a r e  c o m p l e x  -  
h i g h l y  n o n l i n e a r ,  a n d ,  o f t e n ,  n o n - m o n o t o n o u s  -  f u n c t i o n s  o f  m i x t u r e  d e s i g n  v a r i a b l e s .
F o r  e x a m p l e ,  w i t h i n  t h e  c e m e n t  p a s t e  c o m p o n e n t  o f  c o n c r e t e ,  c o m p r e s s i v e  s t r e n g t h  
d e c r e a s e s  w i t h  i n c r e a s i n g  w a t e r - t o - c e m e n t  r a t i o  (w/c, m a s s  b a s i s ) ;  h o w e v e r ,  t h i s  
r e l a t i o n s h i p  e x h i b i t s  n o n - d i f f e r e n t i a b i l i t y  a t  t h e  c r i t i c a l  w/c o f  0 . 4 2 ,  b e l o w  w h i c h  t h e  
p a s t e  b e c o m e s  w a t e r - d e f i c i e n t  [ 2 5 , 2 6 ] .  T h i s  r e l a t i o n s h i p  b e t w e e n  t h e  w/c a n d
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c o m p r e s s i v e  s t r e n g t h  i s  f u r t h e r  c o n v o l u t e d  w h e n  a  f r a c t i o n  o f  t h e  c e m e n t  i s  r e p l a c e d  w i t h  
a  r e a c t i v e  m i n e r a l  a d d i t i v e  ( e . g . ,  f l y  a s h  a n d  b l a s t  f u r n a c e  s l a g )  [ 2 7 , 2 8 ] .  T h e r e f o r e ,  
s o p h i s t i c a t e d  a p p r o a c h e s ,  s u c h  a s  M L ,  a r e  r e q u i r e d  t o  r e v e a l  t h e  h i d d e n ,  a n d  c o m p l e x ,  
s e m i - e m p i r i c a l  r u l e s  t h a t  g o v e r n  t h e  c o r r e l a t i o n  b e t w e e n  m i x t u r e  d e s i g n  a n d  p r o p e r t i e s  o f  
c o n c r e t e .
M a j o r i t y  o f  p a s t  s t u d i e s ,  f o c u s e d  o n  p r e d i c t i o n  o f  c o m p r e s s i v e  s t r e n g t h  o f  
c o n c r e t e ,  h a v e  u s e d  n o n l i n e a r  r e g r e s s i o n  b a s e d  M L  m o d e l s  [ i . e . ,  A N N :  a r t i f i c i a l  n e u r a l  
n e t w o r k  [ 2 9 ]  o r  S V M :  s u p p o r t  v e c t o r  m a c h i n e  [ 3 0 ] ]  -  p r e s u m a b l y  b e c a u s e  o f  n o n l i n e a r  
c o r r e l a t i o n s  b e t w e e n  m i x t u r e  d e s i g n  v a r i a b l e s  a n d  p r o p e r t i e s  o f  c o n c r e t e .  N o t a b l e  a m o n g  
t h e s e  a r e  s t u d i e s  c o n d u c t e d  b y  [ 8 , 1 0 - 1 2 , 1 6 , 1 8 , 1 9 , 2 1 , 3 1 , 3 2 ] .  T h e  s t u d i e s  h a v e  s h o w n  t h a t  
b o t h  A N N  a n d  S V M  m o d e l s ,  w h e n  t r a i n e d  u s i n g  a  s u f f i c i e n t l y  l a r g e  d a t a s e t ,  c a n  p r e d i c t  
c o m p r e s s i v e  s t r e n g t h  o f  c o n c r e t e  w i t h  r e a s o n a b l e  a c c u r a c y  ( i . e . ,  c o e f f i c i e n t  o f  
d e t e r m i n a t i o n ,  R 2  >  0 . 9 0 ) .  H o w e v e r ,  i t  h a s  b e e n  r e p o r t e d  t h a t  A N N  a n d  S V M  m o d e l s  a r e  
u n r e l i a b l e  i n  m a k i n g  p r e d i c t i o n s  i n  d a t a - d o m a i n  t h a t  f e a t u r e s  h i g h l y  n o n l i n e a r ,  p e r i o d i c  
f u n c t i o n a l  r e l a t i o n s h i p  b e t w e e n  o n e  o r  m o r e  i n p u t  v a r i a b l e s  a n d  t h e  o u t p u t  [ 3 3 - 3 5 ] .  T h i s  
i s  b e c a u s e  b o t h  A N N  a n d  S V N  m o d e l s  e m p l o y  l o c a l  s e a r c h  o r  o p t i m i z a t i o n  a l g o r i t h m s  
( e . g . ,  b a c k - p r o p a g a t i o n  a l g o r i t h m  u s e d  i n  A N N ) ,  w h i c h  a r e  f a c e d  w i t h  a n  i n h e r e n t  
d r a w b a c k  o f  g e t t i n g  t r a p p e d  i n  l o c a l  m i n i m a  -  e s p e c i a l l y  w h e n  t h e  f u n c t i o n a l  r e l a t i o n s h i p  
b e t w e e n  i n p u t  v a r i a b l e s  a n d  o u t p u t  c o m p r i s e s  o f  m u l t i p l e  l o c a l  m i n i m a  ( e . g . ,  p e r i o d i c  
t r i g o n o m e t r i c  f u n c t i o n s )  -  r a t h e r  t h a n  c o n v e r g i n g  t o  t h e  g l o b a l  m i n i m a .  B e c a u s e  o f  t h i s  
d r a w b a c k ,  w i t h  e v e r y  r e - r u n  o f  A N N  o r  S V M ,  d u r i n g  t h e  t r a i n i n g  p e r i o d  ( i . e . ,  w h e n  
d i f f e r e n t  s u b s e t s  o f  t h e  s a m e  d a t a s e t  a r e  u s e d  t o  t r a i n  t h e  m o d e l s )  t h e  c o n v e r g e n c e  c o u l d  
o c c u r  a t  d i f f e r e n t  l o c a l  m i n i m a ,  t h u s  r e s u l t i n g  i n  d i s p a r a t e  p r e d i c t i o n  p e r f o r m a n c e s  ( i . e . ,
t h e  a b i l i t y  t o  r e l i a b l y  p r e d i c t  o u t p u t s  u s i n g  p r e v i o u s l y  u n s e e n  i n p u t  v a r i a b l e s )  d u r i n g  t h e  
t e s t i n g  [ 3 3 - 3 5 ] .  T h i s  d e f i c i e n c y  c a n  b e  a m e n d e d  b y  u s i n g  a l g o r i t h m s  b a s e d  o n  G e n e t i c  
p r o g r a m i n g  [ 1 7 , 3 1 ] .  A l t e r n a t i v e l y ,  b o o t s t r a p  a g g r e g a t i o n  o f  o u t p u t s  o f  s e v e r a l  m o d e l s  
d e v e l o p e d  f r o m  v a r i o u s  s u b s e t s  o f  t h e  t r a i n i n g  d a t a s e t  -  f o r  e x a m p l e ,  b y  u s i n g  b a g g i n g ,  
v o t i n g ,  o r  s t a c k i n g  a p p r o a c h e s  [ 1 1 , 3 6 ]  -  c a n  a l s o  b e  u s e d .  H o w e v e r  s u c h  t e c h n i q u e s  
c o u l d  s l o w  d o w n  t h e  r a t e  o f  c o n v e r g e n c e ,  o r ,  i n  t h e  w o r s t  c a s e ,  r e s u l t  i n  o v e r f i t t i n g  [ 3 7 ] .  
T h i s  i s s u e  o f  A N N  a n d  S V M  m o d e l s ,  p e r t a i n i n g  t o  t h e i r  i n f e r i o r  p e r f o r m a n c e  o n  d a t a s e t s  
f e a t u r i n g  p e r i o d i c  i n p u t - o u t p u t  r e l a t i o n s h i p ,  i s  f u r t h e r  e x a m i n e d  i n  S e c t i o n  4 . 1 .
A N N  a n d  S V M  m o d e l s  h a v e  a n o t h e r  d r a w b a c k  -  t h e  o b j e c t i v e  f u n c t i o n  p r o d u c e d  
b y  t h e m  a r e  d i f f i c u l t  t o  i n t e r p r e t ,  a n d ,  t h e r e f o r e ,  d i f f i c u l t  ( a l b e i t  n o t  i m p o s s i b l e )  t o  
e m p l o y  f o r  o p t i m i z a t i o n  p u r p o s e s .  T h i s  i s  b e c a u s e  t h e  f u n c t i o n a l  r e l a t i o n s h i p  b e t w e e n  
i n p u t  v a r i a b l e s  a n d  o u t p u t  i s  n o t  y i e l d e d  a s  a  t r a n s p a r e n t  m a t h e m a t i c a l  f o r m u l a .  T o  
o v e r c o m e  t h i s  l i m i t a t i o n ,  i n  s o m e  r e c e n t  s t u d i e s  [ 9 , 1 1 , 1 6 , 1 7 , 2 1 ]  “ d e c i s i o n  t r e e s ”  b a s e d  
M L  m o d e l s  h a v e  b e e n  e m p l o y e d .  D e c i s i o n  t r e e s  a r e  e s s e n t i a l l y  r u l e s - b a s e d  m o d e l s ,  
w h e r e i n  t h e  t r a i n i n g  d a t a s e t  i s  c l a s s i f i e d  i n t o  m u l t i p l e  i n d e p e n d e n t  s u b s e t s ,  a n d  
s u b s e q u e n t l y  p r o c e s s e d  u s i n g  a  c o l l e c t i o n  o f  l i n e a r  o r  n o n l i n e a r  r e g r e s s i o n  m e t h o d s  t o  
d e v e l o p  m u l t i p l e  ( t r a n s p a r e n t )  f u n c t i o n a l  r e l a t i o n s h i p s  b e t w e e n  i n p u t  v a r i a b l e s  a n d  
o u t p u t .  N o t a b l e  a m o n g  t h e s e  a r e  a p p l i c a t i o n  o f  t h e  M 5 P r i m e  [ M 5 P :  [ 3 8 , 3 9 ] ]  [ 9 , 1 6 , 4 0 ]  
a n d  R a n d o m  f o r e s t s  [ R F :  [ 4 1 ] ]  [ 2 1 , 3 2 ]  m o d e l s .  D e e p a  e t  a l .  [ 4 0 ]  a n d  B e h n o o d  e t  a l .  [ 9 ]  
s h o w e d  t h a t  p r e d i c t i o n  a c c u r a c y  o f  t h e  M 5 P  m o d e l  w a s  s u p e r i o r  c o m p a r e d  t o  t h e  A N N  
m o d e l .  S i m i l a r l y ,  a s  p e r  t h e  R 2  v a l u e s  r e p o r t e d  b y  Y o u n g  e t  a l .  [ 2 1 ] ,  p r e d i c t i o n s  o f  
c o n c r e t e  c o m p r e s s i v e  s t r e n g t h  u s i n g  t h e  R F  m o d e l  w e r e  m o r e  a c c u r a t e  ( a l b e i t  n o t  
c o m p r e h e n s i v e l y )  c o m p a r e d  t o  t h o s e  u s i n g  A N N  a n d  S V M  m o d e l s .
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T o  th e  b e s t  o f  a u th o rs ’ k n o w le d g e , th e  p re d ic tio n  p e rfo rm a n c e s  o f  M 5 P  a n d  R F  
m o d e ls  ( i.e ., in  te rm s  o f  p re d ic tin g  th e  c o m p re s s iv e  s tre n g th  o f  c o n c re te )  h a v e  n o t  b e e n  
c o m p a re d . N o tw ith s ta n d in g , th e  R F  m o d e l is  h y p o th e s iz e d  to  b e  s u p e rio r  c o m p a re d  to  th e  
M 5 P  m o d e l; th is  h y p o th e s is  w ill  b e  c o rro b o ra te d  la te r  in  S e c tio n  4.. T h e  p re m ise  o f  th is  
h y p o th e s is  is  th a t  th e  M 5 P  m o d e l a s su m e s  m u lt iv a r ia te  l in e a r  re la tio n s h ip  b e tw e e n  in p u t 
v a r ia b le s  a n d  o u tp u t  in  e a c h  su b se t o f  th e  t ra in in g  d a ta  [3 8 ,3 9 ]. M o re  sp e c if ic a lly , th e  
t ra in in g  d a ta s e t  is  sp li t  in to  m u lt ip le  su b se ts  u n til  in  e a c h  su b se t a  s im p le , l in e a r  in p u t-  
o u tp u t  c o rre la tio n  c a n  b e  e s ta b lish e d . D u e  to  th is  l im ita tio n  -  l ik e  in  th e  A N N  a n d  S V M  
m o d e ls  -  p re d ic tio n s  m a d e  b y  th e  M 5 P  m o d e l in  d o m a in s  th a t  fe a tu re  h ig h ly  n o n lin e a r  
a n d /o r  p e r io d ic  r e la tio n s h ip  b e tw e e n  in p u t v a r ia b le s  a n d  o u tp u t  a re  e x p e c te d  to  b e  
in a c c u ra te . T h e  R F  m o d e l, o n  th e  o th e r  h a n d , d o e s  n o t  s u ffe r  f ro m  th is  l im ita tio n  b e c a u se  
o f  i ts  a b ility  to  h a n d le  c o n tin u o u s  a n d  d isc re te  v a r ia b le s  o v e r  b o th  m o n o to n o u s  a n d  n o n ­
m o n o to n o u s  d o m a in s  [41]. N o tw ith s ta n d in g , in  th e  R F  m o d e l, i t  is  im p o r ta n t  to  f in e - tu n e  
tw o  h y p e r-p a ra m e te rs  -  th a t  is, th e  n u m b e r  o f  tre e s  in  th e  fo re s t  a n d  th e  n u m b e r  o f  le a v e s  
p e r  tre e  -  to  e n su re  th a t  in p u t-o u tp u t  c o rre la tio n s  a re  id e n tif ie d  a n d  c a p tu re d , an d  
p re d ic tio n s  a re  a c cu ra te . In  th e  a b se n c e  o f  an  o p tim iz a tio n  a lg o rith m , th e  tw o  h y p e r ­
p a ra m e te rs  n e e d  to  b e  a d ju s te d  th ro u g h  tr ia l- a n d -e r ro r  (e .g ., b y  u s in g  m u lt i- fo ld  c ro s s ­
v a lid a tio n  [42 ]), w h ic h  c a n  b e  t im e -c o n s u m in g  a n d  d iff ic u lt. In  a  r e c e n t  s tu d y  [43], i t  w a s  
sh o w n  th a t  th e  F ire f ly  a lg o r ith m  (F F A ) -  a  m e ta h e u r is t ic  o p tim iz a tio n  a lg o r ith m  [44] -  
c a n  b e  u s e d  to  d e te rm in e  o p tim u m  v a lu e s  o f  th e  tw o  a fo re m e n tio n e d  h y p e r-p a ra m e te rs  in  
re la tio n  to  th e  v o lu m e  a n d  n a tu re  o f  th e  t ra in in g  d a ta se t. T h e  a u th o rs  sh o w e d  th a t  b y  
c o m b in in g  R F  w ith  F F A , p re d ic tio n s  ( o f  g lo b a l s o la r  ra d ia tio n )  w e re  r e n d e re d  m o re  
a c c u ra te  c o m p a re d  to  th o s e  m a d e  b y  v a r io u s  s ta n d a lo n e  a n d  e n s e m b le  M L  m o d e ls . In
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a n o th e r  s tu d y  [45], F F A  w a s  u s e d  in  c o n ju n c tio n  w ith  S V M  to  p re d ic t  c o n c re te s ’ 
c o m p re s s iv e  s tre n g th . W h ile  th e  c o m b in e d  [S V M  +  F F A ] m o d e l h a d  b e tte r  p re d ic tio n  
p e rfo rm a n c e  th a n  th e  s ta n d a lo n e  S V M  m o d e l, i t  is  e x p e c te d  th a t  in h e re n t  l im ita tio n s  o f  
S V M  -  as d e s c r ib e d  a b o v e  -  c o u ld  h a v e  c o m p ro m is e d  th e  p re d ic tio n  p e rfo rm a n c e  o f  th e  
c o m b in e d  m o d e l. T o  th e  b e s t  o f  a u th o rs ’ k n o w le d g e , th e  c o m b in a tio n  o f  R F  a n d  F F A  h a s  
n e v e r  b e e n  u s e d  to  p ro c e s s  c o n c re te  d a ta se ts . G iv e n  th e  su p e rio r  p re d ic tio n  p e rfo rm a n c e  
o f  R F  (c o m p a re d  to  S V M  as w e ll  as o th e r  M L  m o d e ls  [2 1 ]), i t  is  d e e m e d  im p o r ta n t  to  
e x a m in e  i f  c o m b in in g  R F  w ith  F F A  w o u ld  re s u l t  in  fu r th e r  im p ro v e m e n ts  in  a c c u ra c y  o f  
p re d ic tio n s  o f  c o n c re te s ’ c o m p re s s iv e  s tren g th .
T h e  s tu d y  p re se n ts  th e  f ir s t  a p p lic a t io n  o f  th e  h y b r id  R F -F F A  m o d e l -  d e v e lo p e d  
b y  c o m b in in g  th e  R F  m o d e l w ith  F F A  -  to  p re d ic t  c o m p re s s iv e  s tre n g th  o f  c o n c re te s  in  
re la tio n  to  th e ir  m ix tu re  d e s ig n  a n d  age . T h e  p e rfo rm a n c e  o f  th e  h y b r id  m o d e l is  
b e n c h m a rk e d  a g a in s t c o m m o n ly  u s e d  s ta n d a lo n e  M L  m o d e ls  ( i.e ., S V M , m u lt i la y e r  
p e rc e p tro n  A N N , M 5 P , a n d  R F ). S ix  d if fe re n t  s ta tis tic a l p a ra m e te rs  a re  u s e d  fo r  
c o m p re h e n s iv e  e v a lu a tio n  o f  th e  m o d e ls ’ p re d ic tio n  p e rfo rm a n c e . F irs tly , h ig h ly  
n o n lin e a r , n o n -m o n o to n o u s , a n d  p e r io d ic  tr ig o n o m e tr ic  fu n c tio n s  a re  u se d  to  e v a lu a te  th e  
p e rfo rm a n c e  o f  th e  M L  m o d e ls . F o c u s  is  g iv e n  to  d e te rm in e  i f  th e  h y b r id  m o d e l is  a b le  to  
re v e a l th e  c o m p le x  re la tio n s h ip  b e tw e e n  in p u t v a r ia b le s  a n d  o u tp u t  o f  th e  t r ig o n o m e tr ic  
fu n c tio n s , an d , m o re  im p o r ta n tly , re lia b ly  p re d ic t  th e  fu n c tio n  o u tp u ts  in  b la n k  (i.e ., 
p re v io u s ly  u n tra in e d )  d a ta -d o m a in s . S e c o n d ly , th e  p re d ic tio n  p e rfo rm a n c e  o f  th e  M L  
m o d e ls  is  te s te d  u s in g  tw o  re a l-w o r ld  c o n c re te  d a ta se ts , c o m p r ise d  o f  c o n c re te s ’ m ix tu re  
d e s ig n s  a n d  th e ir  c o rre s p o n d in g  a g e -d e p e n d e n t c o m p re s s iv e  s tre n g th s . B a s e d  o n  
c o m p a r is o n s  o f  p re d ic tio n  p e rfo rm a n c e s  -  o f  th e  h y b r id  R F -F F A  m o d e l v is -a -v is  th e
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s ta n d a lo n e  M L  m o d e ls  -  i t  is  sh o w n  th a t  th e  h y b r id  M L  m o d e l c o n s is te n tly  o u tp e rfo rm s  
th e  s ta n d a lo n e  M L  m o d e ls .
T h e  p a p e r  is  o rg a n iz e d  as fo llo w s . S e c tio n  2. d e sc r ib e s  th e  f iv e  M L  m o d e ls  
im p le m e n te d  in  th is  s tu d y . S e c tio n  3 .0  d e sc r ib e s  th e  d a ta se ts  u s e d  fo r  t ra in in g  a n d  te s t in g  
o f  th e  M L  m o d e ls . A  b r ie f  d e sc r ip tio n  o f  s ta tis tic a l p a ra m e te rs  u s e d  fo r  e v a lu a tio n  o f  
p re d ic tio n  p e rfo rm a n c e  o f  th e  m o d e ls  is  a lso  in c lu d e d . S e c tio n  4 .0  re p o r ts  th e  re su lts  an d  
c o m p a r is o n  o f  p re d ic tio n  p e rfo rm a n c e s  o f  v a r io u s  M L  m o d e ls . S e c tio n  5 .0  p re se n ts  
su m m a ry  o f  th e  m a in  f in d in g s  o f  th e  s tudy .
2. MACHINE LEARNING MODELS
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T h is  se c tio n  p ro v id e s  a  b r ie f  o v e rv ie w  o f  th e  m a c h in e  le a rn in g  (M L ) m o d e ls  
im p le m e n te d  in  th is  s tu d y . In  e a c h  o f  th e  fo llo w in g  s u b -se c tio n s  (i.e ., S e c tio n s  2.1 to  2 .5 ), 
o n e  o r  m o re  o r ig in a l re fe re n c e s  a re  p ro v id e d  th a t  d e sc r ib e  th e  fo rm u la tio n  an d  
im p le m e n ta t io n  o f  th e  M L  m o d e l in  m o re  d e ta il.
2.1. MULTILAYER PERCEPTRON ARTIFICIAL NEURAL NETWORK (MLP- 
ANN)
A rtif ic ia l  n e u ra l n e tw o rk  (A N N ) c o n s is ts  o f  se v e ra l c o m p u ta tio n a l e le m e n ts  
( te rm e d  as n e u ro n s )  a rra n g e d  in  la y e rs , re s e m b lin g  th e  n e tw o rk  o f  n e u ro n s  in  th e  h u m a n  
b ra in  re s p o n s ib le  fo r  p ro c e s s in g  in fo rm a tio n  in  a  h ie ra rc h ic a l fa s h io n  [29]. M u lt i la y e r  
p e rc e p tro n  a r tif ic ia l n e u ra l n e tw o rk  (M L P -A N N ) is  a  su b c la s s  o f  A N N  w ith  s tro n g  s e lf ­
le a rn in g  c a p a b ili t ie s  [46]. T h e  h ie ra rc h ic a l s tru c tu re  o f  M L P -A N N  is  c o m p r ise d  of: (i) 
o n e  in p u t la y e r  -  w h ic h  c o n ta in s  a  se t o f  n e u ro n s  re p re s e n tin g  th e  in p u t v a r ia b le s  (e .g .,
concrete mixture design variables); (ii) one or more hierarchical hidden layers -  which 
contain computational neurons to process the information received from the previous 
layer so that it can be refined and passed on to the next layer; and (iii) one output layer -  
which contains a computation node to produce the final prediction (e.g., compressive 
strength of concrete). Each neuron in any given hidden layer is functionally related -  as 
shown in Equation 1 -  to all neurons in the previous layer.
Ni = (1)
1
yj = f ( Nj)  = i  + eWji. nj (2)
Here, Nj  is the activation of the j th neuron, i is the set of all neurons present in the 
previous layer, Wji is the weight of connection between neurons j  and i, and Oi is the 
output of the neuron. Each neuron uses activation functions (while using all neurons from 
the previous layer) to calculate intermediate-output values, which are subsequently 
passed on as input values to the next neuron layer. This process proceeds throughout the 
network until reaching the final neuron layer that produces the final output. In the MLP- 
ANN model, activation functions are represented as sigmoidal or logistic-transfer 
functions [46] -  as shown in Equation 2, wherein yj  = f  (Nj) is the activation function of 
the j th neuron. During training of the MLP-ANN model, a back-propagation algorithm 
[47,48] is used to minimize deviation (i.e., RMSE: root mean squared error or MAE: 
mean absolute error) between actual and predicted values (of the activation functions).
This is accomplished by iteratively adjusting and finally determining the optimal 
connection weights (i.e., Wj)  -  pertaining to each activation function -  by using the 
gradient descent approach or the Levenberg-Marquardt algorithm [46,49].
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I n  t h e  M L P - A N N  m o d e l  u s e d  i n  t h i s  s t u d y ,  t h e  n e u r a l  n e t w o r k  a r c h i t e c t u r e  
c o m p r i s e d  o f  5  h i d d e n  l a y e r s ,  w h e r e i n  e a c h  l a y e r  c o m p r i s e d  o f  (2m + 1) n e u r o n s  [ 5 0 ] ;  m 
i s  t h e  n u m b e r  o f  i n p u t  v a r i a b l e s  o f  t h e  t r a i n i n g  d a t a s e t .  T h e  c h o i c e  o f  5  h i d d e n  l a y e r s  w a s  
m a d e  b a s e d  o n  c o m p a r i s o n  o f  p r e d i c t i o n  p e r f o r m a n c e s  o f  t h e  m o d e l  -  w h i l s t  v a r y i n g  t h e  
n u m b e r  o f  h i d d e n  l a y e r s  b e t w e e n  2 - a n d - 1 0  -  a g a i n s t  e x p e r i m e n t a l  d a t a s e t s  d e s c r i b e d  i n  
S e c t i o n  3 . 1 .  F o r  f i n e - t u n i n g  o f  t h e  p a r a m e t e r s  ( i . e . ,  c o n n e c t i o n  w e i g h t s  o f  e a c h  o f  t h e  
a c t i v a t i o n  f u n c t i o n s ) ,  t h e  L e v e n b e r g - M a r q u a r t  a l g o r i t h m ,  a s  d e s c r i b e d  i n  [ 4 9 ] ,  w a s  u s e d  
b e c a u s e  i t  r e s u l t e d  i n  s u p e r i o r  p r e d i c t i o n  p e r f o r m a n c e  c o m p a r e d  t o  t h e  g r a d i e n t  d e s c e n t  
a p p r o a c h .
2.2. SUPPORT VECTOR MACHINE (SVM)
S u p p o r t  v e c t o r  m a c h i n e  ( S V M )  i s  a  M L  m e t h o d o l o g y  f o r  a p p r o x i m a t i n g  t h e  
n o n l i n e a r  r e l a t i o n s h i p  b e t w e e n  i n p u t  v a r i a b l e s  a n d  o u t p u t  o f  a  d a t a s e t  b y  u s i n g  a n  
o p t i m i z a t i o n  a p p r o a c h  -  r a t h e r  t h a n  a  r e g r e s s i o n  a p p r o a c h  -  t o  m i n i m i z e  a  c o s t  ( i . e . ,  e-  
i n s e n s i t i v e  l o s s )  f u n c t i o n  [ 5 1 , 5 2 ] .  D u r i n g  t r a i n i n g ,  t h e  S V M ,  f i r s t l y ,  m a p s  t h e  i n p u t  
d a t a s e t  f r o m  a  l o w e r  d i m e n s i o n a l  t o  a  h i g h e r  d i m e n s i o n a l  f e a t u r e  s p a c e  b y  u s i n g  a  
m a p p i n g  p r o c e d u r e .  T o w a r d s  t h i s ,  a  n o n l i n e a r  k e r n e l  f u n c t i o n  ( e . g . ,  p o l y n o m i a l  f u n c t i o n ,  
s i g m o i d a l  f u n c t i o n ,  G a u s s i a n  r a d i a l  b a s i s  k e r n e l  f u n c t i o n ,  a n d  h y p e r b o l i c  t a n g e n t  
f u n c t i o n  [ 5 3 , 5 4 ] )  i s  u s e d  t o  f i t  t h e  i n p u t  d a t a  i n t o  a  h i g h e r  d i m e n s i o n a l  f e a t u r e  s p a c e ,  
w h e r e i n  t h e  d a t a  i s  d i s t r i b u t e d  i n  a  m o r e  s p a r s e  f o r m  c o m p a r e d  t o  t h e  o r i g i n a l  o n e .  N e x t ,  
t h e  S V M  a t t e m p t s  t o  d e t e r m i n e  a  l i n e a r  o b j e c t i v e  f u n c t i o n fsvM (x, rn) ( s e e  E q u a t i o n  3 )  -  
s u c h  t h a t  i t s  o u t p u t  h a s  a  m a x i m u m  d e v i a t i o n  o f  e w i t h  r e s p e c t  t o  t h e  a c t u a l  ( m e a s u r e d )  
v a l u e  i n  t h e  t r a i n i n g  d a t a s e t .
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In Equation 3, Ki is the set of n nonlinear kernel (i.e., mapping) functions used for 
transforming the original input data (x) into higher dimensional feature space, b is a bias 
term, and rn represents the weight vector consisting of n choice coefficients. In order to 
derive the optimum objective function [fsvM(x, rn)] -  and the associated parameters (i.e., 
b and rn) -  the task of regression is approached as an optimization problem (Equation 4), 
within the constraints shown in Equation 5. The objective of the optimization effort is to 
determine the global minimum of Equation 4, such that for each input value (x), the 
output off svM (x, rn) is within a Euclidian distance of £ from the actual value [55].
m in im iz e :  - | | m
n
: i M | 2 +  c  +
i=i
(4)
r y i -  fsvM (*i, M) - b  <£  + &
subject to fSVM (Xj, m) + b -  y t < £ + f t  (5)
and > 0, and i = 1,2, 3 ... n 
K (x,y) = e (- rll*-yll2) (6)
In Equation 4, the constant C is called the regularization term, and represents the 
degree of penalty of the sample with error exceeding £ (i.e., when the prediction is farther 
than £ from the actual value). The parameters, & and £*, shown in Equation 5 are positive 
slack variables that represent the Euclidian distance of the predicted value from the 
corresponding boundary values of the £-tube (i.e., a tube representing the actual training 
dataset, wherein each data-record is bounded by the maximum allowable error of £). 
Therefore, based on the formulation described here, to derive the optimum objective
f u n c t i o n ,  fsvM (x, rn) ( a n d  o p t i m u m  v a l u e s  o f  t h e  b i a s ,  b,  a n d  c h o i c e  c o e f f i c i e n t s ,  rn) -  
t h a t  r e l i a b l y  l i n k s  i n p u t  v a r i a b l e s  w i t h  t h e  o u t p u t  -  t h e  p a r a m e t e r s  t h a t  n e e d  t o  b e  
o p t i m i z e d  a r e  e, C, a n d  a n y  p a r a m e t e r  a s s o c i a t e d  w i t h  t h e  k e r n e l  f u n c t i o n  ( e . g . ,  t h e  
p a r a m e t e r ,  y, w h i c h  i s  a s s o c i a t e d  w i t h  t h e  G a u s s i a n  r a d i a l  b a s i s  k e r n e l  f u n c t i o n ,  a s  s h o w n  
i n  E q u a t i o n  6  [ 5 3 , 5 4 ] ) .
I n  t h e  S V M  m o d e l  u s e d  i n  t h i s  s t u d y ,  t h r e e  d i f f e r e n t  k e r n e l  f u n c t i o n s  ( i . e . ,
G a u s s i a n  r a d i a l  b a s i s  k e r n e l  f u n c t i o n ,  3 r d - t o - 5 th  o r d e r  p o l y n o m i a l  f u n c t i o n s ,  a n d  
s i g m o i d a l  f u n c t i o n )  w e r e  u s e d .  B a s e d  o n  p r e d i c t i o n  p e r f o r m a n c e  o f  t h e  m o d e l  o n  
e x p e r i m e n t a l  d a t a s e t s  ( d e s c r i b e d  l a t e r  i n  S e c t i o n  3 . 1 ) ,  t h e  G a u s s i a n  r a d i a l  b a s i s  k e r n e l  
f u n c t i o n  w a s  c h o s e n .  W i t h i n  t h e  k e r n e l  f u n c t i o n  ( s e e  E q u a t i o n  6 ) ,  t h e  v a l u e  o f  y w a s  s e t  
a t  0 . 1 0 .  T h e  v a l u e s  o f  e ( r e p r e s e n t i n g  t h e  r a d i u s  o f  t h e  e- t u b e )  a n d  C  ( t h e  r e g u l a r i z a t i o n  
t e r m )  w e r e  s e t  a t  1 . 5  M P a  a n d  5 . 0 ,  r e s p e c t i v e l y .
2.3. M5PRIME MODEL TREE ALGORITHM (M5P)
T h e  M 5 P r i m e  m o d e l  t r e e  a l g o r i t h m  -  o f t e n  a b b r e v i a t e d  a s  t h e  M 5 P  m o d e l  -  i s  a  
m o d i f i c a t i o n  [ 3 9 ]  o f  t h e  M 5 R u l e s  a l g o r i t h m  i n t r o d u c e d  b y  Q u i n l a n  [ 3 8 ] .  T h e  M 5 P  m o d e l  
i s ,  e s s e n t i a l l y ,  a  d e c i s i o n  t r e e  m o d e l  t h a t  p e r f o r m s  l o g i c a l  s p l i t s  i n  t h e  t r a i n i n g  d a t a s e t  s o  
t h a t  t h e  i n p u t  v a r i a b l e s  c a n  b e  l i n k e d  w i t h  t h e  o u t p u t  u s i n g  m u l t i v a r i a t e  l i n e a r  f u n c t i o n s .  
D u r i n g  t r a i n i n g  o f  t h e  M 5 P  m o d e l ,  t h e  i n p u t  s p a c e  i s  s p l i t  i n  s e v e r a l  s u b s p a c e s ,  w h i l e  
e n s u r i n g  t h a t  d a t a  i n  e a c h  s u b s p a c e  s h a r e  a t  l e a s t  o n e  c o m m o n  a t t r i b u t e  ( e . g . ,  s i m i l a r  
r a n g e  o f  o n e  o r  m o r e  i n p u t  v a r i a b l e s ) .  M o r e  s p e c i f i c a l l y ,  t h e  s p l i t t i n g  o f  d a t a  i s  p e r f o r m e d  
i n  a  m a n n e r  t h a t  d a t a  t h a t  a r e  a l i k e  -  i n  t e r m s  o f  o n e  o r  m o r e  o f  t h e i r  a t t r i b u t e s  -  a r e  
c l u s t e r e d  a n d  c o n t a i n e d  w i t h i n  t h e  s a m e  s u b s p a c e .  B y  r e p e a t i n g  t h i s  p r o c e d u r e
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ite ra tiv e ly , se v e ra l su b sp a c e s , e a c h  c o n s is t in g  o f  h a rm o n io u s  d a ta , a re  o b ta in e d . S ta n d a rd  
d e v ia tio n  is  ty p ic a lly  u s e d  as  th e  c r i te r io n  fo r  d e te rm in in g  th e  sp e c if ic  a ttr ib u te  o r  
a ttr ib u te s  o n  th e  b a s e s  o f  w h ic h  o p tim a l s p li t tin g  o f  th e  d a ta s e t  c a n  b e  a c h ie v e d . S u ch  
re d u c tio n  in  s ta n d a rd  d e v ia t io n  a llo w s  d e te rm in a tio n , a n d  su b s e q u e n t c re a tio n , o f  se v e ra l 
n o d e s  ( i.e ., d a ta -c lu s te rs )  o n  th e  b a s e s  o f  a ttr ib u te s . B y  c re a tin g  su c h  n o d e s , th e  m o d e l 
e n a b le s  th e  b u ild in g  o f  an  u p s id e -d o w n  tre e - l ik e  s tru c tu re , w h e re in  th e  ro o t  is  a t th e  to p  
a n d  th e  le a v e s  a re  a t th e  b o tto m . O n c e  th e  tre e  is  b u ilt , a  n e w  d a ta - re c o rd  p ro p a g a te s  
h ie ra rc h ic a lly  f ro m  th e  ro o t, a n d  d o w n  th ro u g h  th e  n o d e s  u n til  i t  re a c h e s  a  lea f. E a c h  
n o d e  c o n s is ts  o f  a  m a th e m a tic a l lo g ic , w h ic h  c o m p a re s  th e  n e w  d a ta - re c o rd  w ith  th a t  o f  
th e  sp lit  v a lu e , a n d  h e lp s  th e  d a ta - re c o rd  p ro p a g a te  d o w n  th ro u g h  th e  n o d e s  u n til  it  
re a c h e s  th e  a p p ro p r ia te  lea f . In  th e  M 5 P  m o d e l, a  l in e a r  re g re s s io n  m o d e l is  u s e d  as th e  
a fo re m e n tio n e d  m a th e m a tic a l lo g ic . T h e  re g re s s io n  m o d e l is  d e v e lo p e d  in  e a c h  o f  th e  
su b sp a c e s , lin k in g  in p u t v a r ia b le s  a n d  o u tp u t  o f  th e  d a ta - re c o rd s  c o n ta in e d  w ith in  it. T o  
e n su re  th a t  th e  t re e -s tru c tu re  is  o p tim a l, a  p ru n in g  te c h n iq u e  is  u s e d  to  o v e rc o m e  th e  
is s u e  o f  o v e r- tra in in g  -  th a t  is , w h e n  th e  c h o se n  a ttr ib u te , fo r  an y  g iv e n  su b sp ac e , is  n o t 
th e  o p tim a l o n e  w ith  th e  m a x im u m  e x p e c ta tio n  to  re d u c e  e r ro r  (i.e ., s ta n d a rd  d e v ia tio n , in  
th is  s tu d y ). U s e  o f  th e  p ru n in g  te c h n iq u e , h o w e v e r , c a n  re s u lt  in  d is c o n tin u itie s  b e tw e e n  
a d ja c e n t l in e a r  m o d e ls . T o  m itig a te  th is  issu e , a  s m o o th in g  o p e ra tio n  is  e m p lo y e d  in  th e  
f in a l s tep . S u ch  ite ra t iv e  p ru n in g  a n d  s m o o th e n in g  o p e ra tio n s  u l t im a te ly  u n ify  all l in e a r  
re g re s s io n  m o d e ls  -  a c ro s s  all th e  n o d e s  b e tw e e n  th e  ro o t  a n d  l e a f  o f  th e  tre e  -  in to  a 
s in g u la r , c o n tin u o u s  m o d e l.
T h e  M 5 P  m o d e l u s e d  in  th is  s tu d y  w a s  im p le m e n te d  u s in g  th e  W a ik a to  
E n v iro n m e n t fo r  K n o w le d g e  A n a ly s is  (W E K A ) w o rk b e n c h  to o lb o x  [5 6 ,5 7 ]. T h e  o n ly
v a r ia b le  p a ra m e te r  in  th e  M 5 P  m o d e l is  th e  minimum number o f splits in  th e  tra in in g  
d a ta se t. T h is  v a lu e  w a s  v a r ie d  f ro m  2 - to -1 0 , a n d  th e  p re d ic tio n  p e rfo rm a n c e  w a s  
m e a s u re d  a c ro ss  e x p e rim e n ta l d a ta se ts  (d e s c r ib e d  la te r  in  S e c tio n  3 .1 ). B a s e d  o n  su ch  
e v a lu a tio n s , th e  o p tim u m  v a lu e  o f  minimum number o f splits w a s  se le c te d  a s  4.
2.4. RANDOM FORESTS (RF)
R a n d o m  fo re s ts  (R F ) is  a  m o d if ie d  v e rs io n  o f  th e  b a g g in g  ( i.e ., b o o ts tra p  
a g g re g a tio n )  d e c is io n  tre e  a lg o r ith m , w h ic h  a s s im ila te s  th e  c o n c e p ts  o f  adaptive nearest 
neighbors a n d  bagging to  a c h ie v e  e ffe c tiv e  d a ta -a d a p tiv e  in fe re n c e  [4 1 ,5 8 ]. L ik e  in  
c o n v e n tio n a l d e c is io n  tre e  m o d e ls , th e  R F  m o d e l u t i l iz e s  a  se t (a lb e it  la rg e )  n u m b e r  o f  
in d e p e n d e n t tre e s , a n d  w ith in  th o s e  tre e s  a re  e n c o m p a s s e d  su b se ts  o f  th e  h o m o g e n iz e d  
t ra in in g  d a ta . [59]. T h e  e le m e n ta ry  u n i t  o f  R F  is  a  b in a ry  tre e  c o n s tru c te d  u s in g  th e  sam e  
fo u n d a tio n a l p r in c ip le  as th a t  u s e d  in  th e  c la s s if ic a t io n  a n d  re g re s s io n  tre e  (C A R T ) m o d e l 
-  w h e re in  b in a ry  sp lits  p a r t i t io n  th e  tree , in  re c u rs iv e  fa sh io n , in to  “ n e a r-h o m o g e n e o u s ” 
te rm in a l n o d e s . W h e n  th e  b in a ry  s p lit  is  d o n e  o p tim a lly , th e  p ro p a g a tio n  o f  d a ta  f ro m  a 
p a re n t-n o d e  to  i ts  tw o  c h ild re n -n o d e s  o c c u rs  in  a  w a y  th a t  e n su re s  th a t  h o m o g e n e ity  in  
th e  d a ta  b e tw e e n  th e  c h ild re n -n o d e s  is  im p ro v e d  c o m p a re d  to  th e  p a re n t-n o d e . A  ty p ic a l 
R F  m o d e l c o m p rise s  o f  1 0 0 s o r  1 0 0 0 s  o f  tre e s , w h e re in  e a c h  tre e  is  g ro w n  u s in g  a  u n iq u e  
b o o ts tra p  sa m p le  o f  th e  t ra in in g  d a ta . C o m p a re d  to  th e  C A R T  m o d e l, th e  R F  m o d e l is  
d if fe re n t  in  th e  se n se  th a t  t re e s  in  th e  la t te r  m o d e l a re  g ro w n  n o n -d e te rm in is tic a lly  u s in g  a 
p ro c e d u re  c o m p r ise d  o f  tw o -s ta g e  ra n d o m iz a tio n . H e re , th e  f ir s t  s ta g e  o f  ra n d o m iz a tio n  
in v o lv e s  g ro w in g  th e  tre e  u s in g  a  ra n d o m ly  c h o se n  b o o ts tra p  sa m p le  o f  th e  o r ig in a l d a ta . 
T h e  se c o n d  s ta g e  o f  ra n d o m iz a tio n  fe a tu re s  a t th e  n o d e  lev e l -  w h e re in , as o p p o se d  to
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splitting the tree node using all variables (as done in the CART model or the M5P model 
described in Section 2.3), a random subset of variables are selected and only those 
variables are used for ascertaining the best split of the node. On account of the two-stage 
randomization, the trees grown in the RF model are de-correlated and the ensemble has 
low variance. Based on this description, construction of the RF model can be summarized 
in the following steps:
• “nt” bootstrap samples are drawn randomly from the original training dataset. At this 
point, the number of bootstrap samples (i.e., nt) is equal to the number of trees. Based 
on prior studies [43,58,60], the optimum value of nt is -66.66% of the overall training 
dataset. The remaining -33.33% of the dataset are labelled as “out-of-bag” (OOB) 
data.
• From each of the nt bootstrap datasets, a tree is grown. Unlike conventional decision 
tree models (e.g., the M5P and CART models), each tree in the RF model is an 
unpruned regression tree, wherein at each node, rather than choosing all variables of 
the training dataset, a random sample of mtry variables is chosen. As the tree is grown, 
the number of leaves per tree (ni v ) is held constant across the entire ensemble. Based 
on previous studies [43,58], the optimum value of niv is between 3-and-10. In this 
study, the optimum value -  assessed by performing predictions on different 
experimental datasets (described in Section 3.0) -  was determined as 5.
• Next, each of the nt trees is utilized to predict a data-point outside of the selected 
bootstrap space. Output of the prediction is designated as out of bag (OOB) prediction 
[59]. These OOB predictions, for a given input vector (x ), are designated as Jr f  (x ) for 
each of the nt decision trees; all OOB predictions are subsequently aggregated and
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a v e r a g e d  t o  p r o d u c e  t h e  o v e r a l l  O O B  p r e d i c t i o n  / ^ ( x )  a n d  O O B  e r r o r  r a t e  ( s e e  
E q u a t i o n  7 ) .  S i m p l y  p u t ,  fpp(x)  i s  t h e  a r i t h m e t i c  m e a n  o f  t h e  p r e d i c t e d  v a l u e s
c o l l a t e d  f r o m  a l l  o f  t h e  nt t r e e s .  T h e  O O B  p r e d i c t i o n s  -  e s p e c i a l l y  t h e  O O B  e r r o r  r a t e
-  p r o v i d e  a  g o o d  m e a s u r e  o f  i n f l u e n c e  o f  e a c h  v a r i a b l e  o n  t h e  o u t p u t ,  w h i c h  c a n  b e  
q u a n t i t a t i v e l y  e s t i m a t e d  a s  v a r i a b l e  i m p o r t a n c e  (VI), t h u s  e l i m i n a t i n g  t h e  n e e d  f o r  a  
t e s t  s e t  o r  c r o s s - v a l i d a t i o n  [ 4 2 ] .  VI o f  a  g i v e n  v a r i a b l e  i s ,  e s s e n t i a l l y ,  a  m e a s u r e  o f  
i n c r e m e n t  i n  O O B  e r r o r  r a t e  w h e n  O O B  p r e d i c t i o n  f o r  a  g i v e n  v a r i a b l e  i s  p e r m u t e d  
w h i l e  a l l  o t h e r s  a r e  l e f t  u n c h a n g e d  [ 6 0 ] .
•  O n c e  t h e  O B B  p r e d i c t i o n s ,  O O B  e r r o r  r a t e ,  a n d  VI a r e  c a l c u l a t e d ,  o u t l i e r s  i n  t h e  
t r a i n i n g  d a t a s e t  a r e  d e t e c t e d  u s i n g  c l u s t e r  a n a l y s i s  ( e . g . ,  K - m e a n s  c l u s t e r  a n a l y s i s ,  
d e n s i t y  m o d e l ,  a n d  m e a n - s h i f t  c l u s t e r i n g )  [ 6 1 ] .  I n  t h e  s t u d y ,  t h e  K - m e a n s  c l u s t e r  
a n a l y s i s  [ 6 2 ]  w a s  u s e d  t o  d e t e r m i n e  d a t a - r e c o r d s  t h a t  d o  a n d  d o  n o t  b e l o n g  i n  
c l u s t e r s .  T h e  d a t a - r e c o r d s  t h a t  d o  n o t  b e l o n g  i n  c l u s t e r s  a r e  r e m o v e d ,  a n d  
s u b s e q u e n t l y  r e p l a c e d  i n  a n  i t e r a t i v e  m a n n e r  t h r o u g h  t h e  t r a i n i n g  p r o c e s s .
•  L a s t l y ,  i n  t h e  t e s t i n g  p h a s e ,  n e w  i n p u t  d a t a s e t  -  w h i c h  i s  n o t  p a r t  o f  t h e  t r a i n i n g  
d a t a s e t  -  i s  u s e d  t o  p e r f o r m  p r e d i c t i o n s .  F o r  e a c h  i n p u t  d a t a - r e c o r d ,  t h e  p r e d i c t e d  
v a l u e  c o r r e s p o n d s  t o  t h e  a v e r a g e  o f  p r e d i c t i o n s  f r o m  a l l  o f  t h e  nt t r e e s .
J=i
( 7 )
T h e  R F  m o d e l  h a s  a  n u m b e r  o f  u n i q u e  a d v a n t a g e s .  I n  t h e  R F  m o d e l ,  a  l a r g e  
n u m b e r  o f  t r e e s  a r e  g r o w n  ( a s  o p p o s e d  t o  o t h e r  d e c i s i o n  t r e e  m o d e l s )  -  o n  a  o n e - n o d e - a t -  
a - t i m e  b a s i s ;  a s  s u c h ,  e r r o r s  r e s u l t i n g  f r o m  g e n e r a l i z a t i o n  a r e  m i n i m i z e d ,  a n d ,  t h e r e f o r e ,
the likelihood of overfitting the training data is negligible [63]. Minimization of 
generalization, enabled by the large number of trees, entails that the RF model is able to 
proficiently deal with complex interactions and correlations among variables of the 
training dataset. By allowing each of nt trees to grow to its maximum size (i.e., by 
allowing “deep” trees), without any pruning, and selecting only the best splits among a 
random subset at each node, the RF model is able to concurrently maintain diversity 
among trees and prediction performance. The two-stage randomization -  as described 
earlier -  diminishes correlation among unpruned trees, keeps the bias low, and reduces 
variance. Lastly, the RF model is easy to implement because the number of trees (nt) and 
the number of leave per tree (ni v ) are the only two hyper-parameters that need to be 
optimized by the user. Both of these hyper-parameters can be optimized by cross­
validation [64]. In the present study, the values of nt and niv for the standalone RF model 
were set at 450 and 5, respectively. These values were determined using the cross­
validation method [42], while training the model using experimental datasets described 
later in Section 3.1.
2.5. THE HYBRID RANDOM FORESTS -  FIREFLY ALGORITHM MODEL 
(RF-FFA)
2.5.1. The Firefly Algorithm (FFA). The FFA -  originally conceived by Yang 
[44] -  is an optimization algorithm [65,66] based on idealized behavior of flashing 
characteristics of fireflies. The rules of idealized flashing characteristics are: (i) each 
firefly is attracted to all other fireflies; (ii) the magnitude of attractiveness between any 
two fireflies is proportional to the difference in brightness between them; (iii) the 
movement of a firefly is always towards a firefly with greater brightness; and (iv) the
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brightness of the firefly is determined by the landscape (i.e., the objective function, f(x), 
that is to be optimized). The brightness, I, of a firefly at a particular location, x, can be 
chosen as I(x) which is directly proportional to the objective function, f(x). The 
attractiveness, ft, between a pair of fireflies is a function of the distance, ry, between 
firefly i and firefly j. Likewise, the brightness, Ii, of firefly i varies with the distance r  
from the source in a monotonic and exponential manner (Equation 8a).
Ii = I0e-yrt (8a)
, Vowhere,y = -----  (8b)Tmax
Here, Io is the brightness at the source (typically set at 1.0) and y is the light absorption 
coefficient (representing the potential of fireflies to absorb light from the source). The 
value of y can range from 0-to-10 [44]. In this study, however, y was calculated using 
Equation 8b, wherein yo = 1.0, and rmax is the maximum of distances between all pairs of 
fireflies [65] in the landscape. The mathematical formulation of the magnitude of 
attractiveness (ftij) between two fireflies (i and j), in relation to the distance between them 
(rj ), is given by Equation 9:
Pij = Poe-vr% (9)
Here, fto is the maximum attractiveness between a pair of fireflies (i.e., at r = 0) 
and m is a positive coefficient (ranging between 2-and-4). The values of fto can range 
from 0-to-1, wherein the upper bound represents cooperative local search with the 
brightest firefly dictating positions of most fireflies in the swarm. As the value of fto 
digresses from 1, dominance of the brightest firefly decreases, thus rendering the local 
search progressively more non-cooperative. In this study, a value of 0.80 was used for fto
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and m was set at 2.0. The movement of a firefly i, as it is attracted to a brighter firefly j, is 
determined by Equation 10. Here, Xi, old and Xj are locations of the fireflies i and j, 
respectively, and the last term is randomization with the vector of random variables (ft) 
drawn from a Gaussian distribution; Xi, new is the new position of firefly i as its moves due 
to its attractiveness towards firefly j.
x i,new x i,old + Po^ ^ ^ (10)
Based on the abovementioned criteria and definitions, the FFA can be used to 
minimize a continuous, constrained cost functionf(x). Firstly, it is assumed that there 
exists a swarm of m fireflies -  distributed randomly over the landscape. The fireflies are 
tasked to find x*, wherein the value of the cost function f(x*) -  or, in other words, the 
overall brightness of the landscape -  is minimum. Next, the FFA is implemented in the 
following steps: (i) all fireflies of the swarm are allowed to move, in a sequential manner, 
such that each firefly moves towards another in the neighborhood on the basis of its 
attractiveness towards the other firefly (which is a function of difference in brightness 
and the distance between the two fireflies); (ii) once all fireflies have been allowed to 
move to their new locations, based on the new configuration of fireflies, the overall 
brightness of the landscape is updated, and assessed if it is lower than the original one; 
and (iii) steps (i) and (ii) are repeated iteratively until convergence is reached, wherein 
the overall brightness of the landscape reaches the global minimum (i.e., the value does 
not change by more than 10"6 units between three successive iterations).
2.5.2. The Hybrid Model (RF-FFA). In the RF model -  as described in Section 
2.4 -  it is important to fine-tune the two hyper-parameters -  that is, the number of trees in 
the forest (nt) and the number of leaves per tree (niv) -  to ensure that predictions are
a c c u r a t e .  T y p i c a l l y ,  t h e  t w o  p a r a m e t e r s  a r e  a d j u s t e d  t h r o u g h  t r i a l - a n d - e r r o r  o r  b y  c r o s s ­
v a l i d a t i o n ,  w h i c h  c a n  b e  t i m e - c o n s u m i n g  a n d  d i f f i c u l t .  I n  a  r e c e n t  s t u d y  [ 4 3 ] ,  i t  w a s  
s h o w n  t h a t  t h e  F i r e f l y  a l g o r i t h m  ( F F A )  -  d e s c r i b e d  i n  S e c t i o n  2 . 5 . 1  -  c a n  b e  u s e d  t o  
d e t e r m i n e  o p t i m u m  v a l u e s  o f  t h e  t w o  a f o r e m e n t i o n e d  h y p e r - p a r a m e t e r s  i n  r e l a t i o n  t o  t h e  
n a t u r e  a n d  v o l u m e  o f  t h e  d a t a s e t .  T h e  a u t h o r s  s h o w e d  t h a t  b y  c o m b i n i n g  R F  w i t h  F F A ,  
p r e d i c t i o n s  w e r e  r e n d e r e d  m o r e  a c c u r a t e  c o m p a r e d  t o  t h o s e  m a d e  b y  v a r i o u s  s t a n d a l o n e  
a n d  h y b r i d  M L  m o d e l s  -  i n c l u d i n g  t h e  R F  m o d e l .
I n  t h i s  s t u d y ,  t h e  s t r u c t u r e  o f  t h e  h y b r i d  m o d e l  h a s  b e e n  d r a w n  f r o m  t h e  w o r k  o f  
I b r a h i m  a n d  K h a t i b  [ 4 3 ] .  I n  S t a g e  I ,  t h e  R F  m o d e l  i s  i m p l e m e n t e d ,  w h e r e i n  t h e  v a l u e s  o f  
nt a n d  niv  a r e  s e t  a t  4 5 0  a n d  5 ,  r e s p e c t i v e l y .  I n  S t a g e  I I ,  t h e  F F A  i s  i m p l e m e n t e d  i n  t h e  
f o l l o w i n g  s t e p s :
•  A n  o b j e c t i v e  f u n c t i o n ,  f(x), i s  d e f i n e d ,  w h i c h  c o r r e s p o n d s  t o  t h e  t o t a l  r o o t  m e a n  
s q u a r e d  e r r o r  ( R M S E :  d e s c r i b e d  l a t e r  i n  S e c t i o n  3 . 2 )  o f  p r e d i c t i o n s  o f  t h e  R F  m o d e l  
w i t h  r e s p e c t  t o  a c t u a l  v a l u e s  o f  t h e  t r a i n i n g  d a t a s e t  u s e d  i n  S t a g e  I .
•  T h e  F F A  i s  i m p l e m e n t e d  -  b y  f o l l o w i n g  t h e  s t e p s  d e t a i l e d  i n  S e c t i o n  2 . 5 . 1  -  t o  
o p t i m i z e  t h e  v a l u e s  o f  nt a n d  niv  s u c h  t h a t  t h e  o b j e c t i v e  f u n c t i o n  ( i . e . ,  f(x) =  R M S E  o f  
t h e  R F  m o d e l )  c o n t i n u a l l y  d e c r e a s e s .  T o w a r d s  t h i s ,  a t  t h e  e n d  o f  e v e r y  i t e r a t i o n  o f  t h e  
F F A ,  t h e  R F  m o d e l  i s  i m p l e m e n t e d  t o  u p d a t e  p r e d i c t i o n s  b a s e d  o n  n e w  v a l u e s  o f  t h e  
t w o  h y p e r - p a r a m e t e r s ;  b a s e d  o n  t h e  p r e d i c t i o n s ,  t h e  R M S E  i s  a l s o  u p d a t e d  t o  b e  u s e d  
i n  t h e  n e x t  i t e r a t i o n .
•  T h e  v a l u e s  o f  nt a n d  niv, a t  w h i c h  t h e  o b j e c t i v e  f u n c t i o n  r e a c h e s  a  g l o b a l  m i n i m u m  
( c h a n g e s  b y  l e s s  t h a n  1 0 -6  u n i t s  b e t w e e n  t h r e e  s u c c e s s i v e  i t e r a t i o n s ) ,  a r e  s e l e c t e d  a s  
t h e  f i n a l ,  o p t i m u m  v a l u e s .
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L a s t l y ,  i n  S t a g e  I I I ,  t h e  R F  m o d e l  i s  i m p l e m e n t e d  t o  m a k e  p r e d i c t i o n s  a g a i n s t  t h e  
t e s t  d a t a s e t  u s i n g  t h e  F F A - d e t e r m i n e d  o p t i m u m  v a l u e s  o f  t h e  h y p e r - p a r a m e t e r s .
3. DATA COLLECTION AND PERFORMANCE EVALUATION OF MACHINE
LEARNING MODELS
3.1. DATA COLLECTION
E x p e r i m e n t a l  d a t a s e t s ,  c o n s o l i d a t e d  f r o m  p u b l i s h e d  s t u d i e s  [ 1 8 , 1 9 , 6 7 ] ,  w e r e  u s e d  
t o  t r a i n  t h e  M L  m o d e l s  ( d e s c r i b e d  i n  S e c t i o n  2 . 0 ) ,  a n d  t o  a s s e s s  t h e i r  p r e d i c t i o n  
p e r f o r m a n c e  i n  p r e v i o u s l y  u n t r a i n e d  d a t a - d o m a i n s .
T a b l e  1 .  A  s u m m a r y  o f  s t a t i s t i c a l  p a r a m e t e r s  p e r t a i n i n g  t o  e a c h  o f  t h e  9  a t t r i b u t e s  ( 8  
i n p u t  a n d  1  o u t p u t )  o f  D a t a s e t - 1 .  T h e  d a t a s e t  c o n s i s t s  o f  1 0 3 0  u n i q u e  d a t a - r e c o r d s .
A t t r i b u t e U n i t M i n i m u m M a x i m u m M e a n S t a n d a r d
D e v i a t i o n
C e m e n t k g .  m -3 1 0 2 . 0 0 5 4 0 . 0 0 2 8 1 . 2 7 1 0 4 . 5 1
B l a s t  F u r n a c e  S l a g k g .  m -3 0 . 0 0 0 0 3 5 9 . 4 0 7 3 . 8 9 6 8 6 . 2 7 9
F l y  A s h k g .  m -3 0 . 0 0 0 0 2 0 0 . 1 0 5 4 . 1 8 8 6 3 . 9 9 7
W a t e r k g .  m -3 1 2 1 . 8 0 2 4 7 . 0 0 1 8 1 . 5 7 2 1 . 3 5 4
S u p e r p l a s t i c i z e r k g .  m -3 0 . 0 0 0 0 3 2 . 2 0 0 6 . 2 0 5 0 5 . 9 7 4 0
C o a r s e  A g g r e g a t e k g .  m -3 8 0 1 . 0 0 1 1 4 5 . 0 9 7 2 . 9 2 7 7 . 7 5 4
F i n e  A g g r e g a t e k g .  m -3 5 9 4 . 0 0 9 9 2 . 6 0 7 7 3 . 5 8 8 0 . 1 7 6
A g e D a y s 1 . 0 0 0 0 3 6 5 . 0 0 4 5 . 6 6 2 6 3 . 1 7 0
C o m p r e s s i v e
S t r e n g t h
M P a 2 . 3 3 0 0 8 2 . 6 0 0 3 5 . 8 1 8 1 6 . 7 0 6
T h e  f i r s t  d a t a s e t  -  s u b s e q u e n t l y  r e f e r r e d  t o  a s  D a t a s e t - 1  -  w a s  f i r s t  p u b l i s h e d  b y  
Y e h  e t  a l .  [ 1 8 , 1 9 ] ,  a n d  s u b s e q u e n t l y  u s e d  b y  s e v e r a l  r e s e a r c h e r s  [ 8 - 1 7 , 2 0 - 2 2 , 4 5 ]  f o r  
t r a i n i n g ,  t e s t i n g ,  a n d  v a l i d a t i o n  o f  s t a t i s t i c a l  a n d  M L  m o d e l s .  D a t a s e t - 1  c o n s i s t s  o f  1 0 3 0
d a t a - r e c o r d s ,  f e a t u r i n g  2 7 8  u n i q u e  c o n c r e t e  m i x t u r e  d e s i g n s  a n d  t h e i r  a g e - d e p e n d e n t  
c o m p r e s s i v e  s t r e n g t h s .  I n  t h e  c o n t e x t  o f  M L ,  i n  e a c h  d a t a  r e c o r d ,  t h e r e  a r e  e i g h t  i n p u t  
v a r i a b l e s  -  c o n t e n t s  o f  c e m e n t  ( k g .  m -3 ) ,  b l a s t  f u r n a c e  s l a g  ( k g .  m - 3 ) ,  f l y  a s h  ( k g .  m -3 ) ,  
s u p e r p l a s t i c i z e r  ( k g .  m - 3 ) ,  w a t e r  ( k g .  m -3 ) ,  f i n e  a g g r e g a t e  ( k g .  m - 3 )  a n d  c o a r s e  a g g r e g a t e  
( k g .  m -3 ) ,  a n d  a g e  ( d a y s ) ;  a n d  o n e  o u t p u t  -  c o m p r e s s i v e  s t r e n g t h  ( M P a ) .  S t a t i s t i c a l  
p a r a m e t e r s  p e r t a i n i n g  t o  D a t a s e t - 1  a r e  s u m m a r i z e d  i n  T a b l e  1 .
T h e  s e c o n d  d a t a s e t  -  s u b s e q u e n t l y  r e f e r r e d  t o  a s  D a t a s e t - 2  -  w a s  f i r s t  p u b l i s h e d  
b y  C h o p r a  e t  a l .  [ 6 7 ] ,  a n d  u t i l i z e d  i n  s e v e r a l  l a t e r  s t u d i e s  [ 3 1 , 3 2 , 6 8 ] .  D a t a s e t - 2  c o n s i s t s  o f  
7 6  d a t a - r e c o r d s ,  f e a t u r i n g  d i f f e r e n t  c o n c r e t e  m i x t u r e  d e s i g n s  a n d  t h e i r  c o m p r e s s i v e  
s t r e n g t h s  a t  2 8  d a y s .  I n  t h e  c o n t e x t  o f  M L ,  i n  e a c h  d a t a  r e c o r d ,  t h e r e  a r e  f i v e  i n p u t  
v a r i a b l e s  -  c o n t e n t s  o f  c e m e n t  ( k g .  m -3 ) ,  f l y  a s h  ( k g .  m -3 ) ,  w a t e r  ( k g .  m - 3 ) ,  f i n e  a g g r e g a t e  
( k g .  m -3 )  a n d  c o a r s e  a g g r e g a t e  ( k g .  m -3 ) ;  a n d  o n e  o u t p u t  -  c o m p r e s s i v e  s t r e n g t h  ( M P a )  a t  
2 8  d a y s .  S t a t i s t i c a l  p a r a m e t e r s  p e r t a i n i n g  t o  D a t a s e t - 2  a r e  s u m m a r i z e d  i n  T a b l e  2 .
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T a b l e  2 .  A  s u m m a r y  o f  s t a t i s t i c a l  p a r a m e t e r s  p e r t a i n i n g  t o  e a c h  o f  t h e  6  a t t r i b u t e s  ( 5  
i n p u t  a n d  1  o u t p u t )  o f  D a t a s e t - 2 .  T h e  d a t a s e t  c o n s i s t s  o f  7 6  u n i q u e  d a t a - r e c o r d s .
A t t r i b u t e U n i t M i n i m u m M a x i m u m M e a n S t a n d a r d
D e v i a t i o n
C e m e n t k g .  m -3 3 5 0 . 0 0 4 7 5 . 0 0 4 3 3 . 8 8 3 4 . 8 1 0
F l y  a s h k g .  m -3 0 . 0 0 0 0 7 1 . 2 5 0 2 4 . 0 3 0 3 2 . 6 4 1
W a t e r k g .  m -3 1 7 8 . 5 0 2 2 9 . 5 0 2 0 2 . 8 1 1 2 . 8 2 1
C o a r s e  A g g r e g a t e k g .  m -3 7 9 8 . 0 0 1 2 5 3 . 8 1 0 5 0 . 9 1 3 4 . 5 2
F i n e  A g g r e g a t e k g .  m -3 1 7 5 . 9 5 6 4 1 . 7 5 5 2 4 . 3 1 6 9 . 3 7 8
2 8 - d a y  C o m p r e s s i v e  
S t r e n g t h
M P a 3 1 . 6 6 0 5 4 . 4 9 0 4 4 . 3 7 4 5 . 2 1 2 0
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3.2. EVALUATION OF PREDICTION PERFORMANCE OF ML MODELS
F o r  t r a i n i n g ,  a n d  a s s e s s m e n t  o f  p r e d i c t i o n  p e r f o r m a n c e  o f ,  M L  m o d e l s ,  t h e  
d a t a s e t  ( i . e . ,  D a t a s e t - 1  o r  D a t a s e t - 2 ,  a s  d e s c r i b e d  i n  S e c t i o n  3 . 1 )  w a s  r a n d o m l y  
p a r t i t i o n e d  i n t o  t w o  s e t s :  a  t r a i n i n g  s e t  a n d  a  t e s t i n g  s e t .  7 5 %  o f  d a t a - r e c o r d s  o f  t h e  p a r e n t  
d a t a s e t  w e r e  u s e d  f o r  t r a i n i n g  o f  t h e  M L  m o d e l s  ( i . e . ,  f o r  f i n e - t u n i n g ,  a n d ,  u l t i m a t e l y ,  
f i n a l i z i n g ,  t h e  o p t i m u m  m o d e l  p a r a m e t e r s ) ,  a n d  t h e  r e m a i n i n g  2 5 %  w e r e  u s e d  f o r  t e s t i n g  
( i . e . ,  f o r  d e t e r m i n a t i o n  o f  c u m u l a t i v e  e r r o r  b e t w e e n  p r e d i c t e d  a n d  a c t u a l  v a l u e s ) .  S u c h  
s p l i t  o f  7 5 - t o - 2 5 %  b e t w e e n  t h e  t r a i n i n g  a n d  t e s t  s e t s  -  o r  a  r a t i o  c l o s e  t o  t h a t  -  h a v e  b e e n  
u s e d  i n  v a r i o u s  p a s t  s t u d i e s  [ 1 0 , 1 1 , 2 1 ] .  W h i l e  t h e  s p l i t t i n g  w a s  d o n e  r a n d o m l y ,  s p e c i a l  
c a r e  w a s  t a k e n  t o  g u a r a n t e e  t h a t  t h e  t r a i n i n g  d a t a s e t  w a s  r e p r e s e n t a t i v e  o f  t h e  p a r e n t  
d a t a s e t .  T o w a r d s  t h i s ,  i t  w a s  e n s u r e d  t h a t  t h e  t r a i n i n g  d a t a s e t  c o m p r i s e d  o f  i n p u t  
a t t r i b u t e s  ( i . e . ,  c o n c r e t e  m i x t u r e  d e s i g n  v a r i a b l e s )  w i t h  w i d e s p r e a d  v a l u e s  e n c o m p a s s i n g  
t h e  e n t i r e  r a n g e  b e t w e e n  t h e  t w o  e x t r e m a .
F o r  q u a n t i t a t i v e  m e a s u r e  o f  p r e d i c t i o n  p e r f o r m a n c e  o f  t h e  M L  m o d e l s  ( a g a i n s t  t h e  
t e s t  s e t ) ,  f i v e  d i f f e r e n t  s t a t i s t i c a l  p a r a m e t e r s  w e r e  u s e d .  T h e  p a r a m e t e r s ,  e s s e n t i a l l y ,  
e s t i m a t e  t h e  c u m u l a t i v e  e r r o r  i n  p r e d i c t i o n s  -  o f  c o m p r e s s i v e  s t r e n g t h  o f  c o n c r e t e s  i n  t h e  
t e s t  d a t a s e t  -  w i t h  r e s p e c t  t o  t h e  a c t u a l  m e a s u r e m e n t s .  T h e  s t a t i s t i c a l  p a r a m e t e r s  a r e :  
P e r s o n  c o r r e l a t i o n  c o e f f i c i e n t  ( R ) ,  c o e f f i c i e n t  o f  d e t e r m i n a t i o n  ( R 2 ) ,  m e a n  a b s o l u t e  
p e r c e n t a g e  e r r o r  ( M A P E ) ,  m e a n  a b s o l u t e  e r r o r  ( M A E ) ,  a n d  r o o t  m e a n  s q u a r e d  e r r o r  
( R M S E ) .  T h e  m a t h e m a t i c a l  f o r m u l a t i o n s  t o  e s t i m a t e  t h e s e  e r r o r s  a r e  s h o w n  i n  E q u a t i o n s  
1 1 - 1 5 ;  h e r e ,  y ’ a n d y  a r e  p r e d i c t e d  a n d  a c t u a l  v a l u e s ,  a n d  n i s  t h e  t o t a l  n u m b e r  o f  d a t a -
r e c o r d s  i n  t h e  t e s t  d a t a s e t .
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m ^ p p  =
t —u ,
100% V | y -  y'l
:zn  vi—i
t—n
M ^ P =  -  V | y -  y '|nZ_ii—i
( 1 2 )
( 1 3 )
( 1 4 )
(11)




V |y -  y '12
i — i
( 1 5 )




p. -  p  . .1 y 1 mm,j
P ■ -  P  . " 1 max,y 1 min,j
( 1 6 )
T o  o b t a i n  a  c o m p r e h e n s i v e  m e a s u r e  o f  p r e d i c t i o n  p e r f o r m a n c e  o f  t h e  M L  m o d e l s  
-  a n d  t o  c o m p a r e  t h e m  -  t h e  f i v e  s t a t i s t i c a l  p a r a m e t e r s  d e s c r i b e d  i n  E q u a t i o n s  1 1 - 1 5  w e r e  
u n i f i e d  i n t o  a  c o m p o s i t e  p e r f o r m a n c e  i n d e x  ( C P I ,  s e e  E q u a t i o n  1 6 )  [ 1 1 , 6 9 ] .  I n  E q u a t i o n  
1 6 ,  N  i s  t h e  t o t a l  n u m b e r  o f  p e r f o r m a n c e  m e a s u r e s  ( =  5 ,  a s  f i v e  s t a t i s t i c a l  p a r a m e t e r s  
w e r e  u s e d  i n  t h i s  s t u d y ) ,  Pj i s  t h e  v a l u e  o f  t h e  j th s t a t i s t i c a l  p a r a m e t e r ,  a n d  Pj, min a n d  Pj,max 
a r e  t h e  m i n i m u m  ( i . e . ,  w o r s t )  a n d  m a x i m u m  ( i . e . ,  b e s t )  v a l u e s  o f  t h e  j th s t a t i s t i c a l  
p a r a m e t e r  a c r o s s  t h e  f i v e  v a l u e s  g e n e r a t e d  b y  t h e  s a m e  n u m b e r  o f  M L  m o d e l s .  B a s e d  o n  
t h e  f o r m u l a t i o n  s h o w n  i n  E q u a t i o n  1 6 ,  t h e  v a l u e s  o f  C P I  w o u l d  r a n g e  f r o m  0 - t o - 1 ,  
w h e r e i n  0  ( o r  t h e  l o w e s t  v a l u e )  w o u l d  r e p r e s e n t  t h e  b e s t  M L  m o d e l  a n d  1  ( o r  t h e  
m a x i m u m  v a l u e )  w o u l d  r e p r e s e n t  t h e  w o r s t  M L  m o d e l  i n  t e r m s  o f  o v e r a l l  p r e d i c t i o n
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p e rfo rm a n c e . In  th is  s tu d y , th e  d if fe re n t  M L  m o d e ls  w e re  ra n k e d  -  f ro m  w o rs t  to  b e s t  in  
te rm s  o f  p re d ic tio n  p e rfo rm a n c e  -  o n  th e  b a s is  o f  th e ir  C P I v a lu e s .
4. RESULTS AND DISCUSSION
4.1. HIGHLY NONLINEAR AND PERIODIC TRIGONOMETRIC FUNCTIONS
In  c o n v e n tio n a l re g re s s io n -b a s e d  m a c h in e  le a rn in g  (M L ), th e  q u a lity  o f  a  M L  
m o d e l is  m e a s u re d  b y  its  c a p a b ili ty  to  le a rn  f ro m  a  t ra in in g  se t, a n d  a p p ly  th e  k n o w le d g e  
to  fo re c a s t  in  p re v io u s ly  u n s e e n  d a ta -d o m a in s  f ro m  th e  sa m e  d is tr ib u tio n . S im p ly  p u t, th e  
p re d ic tio n  p e rfo rm a n c e  o f  a  M L  m o d e l b o ils  d o w n  to  i ts  a b ility  to  id e n tify  tre n d s  in  th e  
d a ta se t, a n d  s u b se q u e n tly  u se  su c h  tre n d s  fo r  in te rp o la tio n . W h e n  t ra in e d  p ro p e r ly  (e .g ., 
b y  tra in in g  w ith  a d e q u a te ly  la rg e  d a ta s e t  a n d  b y  a v o id in g  o v e rf itt in g ) , n o n lin e a r  M L  
m o d e ls  a re  o f te n  a b le  to  p e rfo rm  in te rp o la tio n s  w ith  su ff ic ie n t  a c c u ra c y . H o w e v e r , i t  h a s  
b e e n  re p o r te d  th a t  th e  in te rp o la tio n  a c c u ra c y  o f  m a n y  M L  m o d e ls  (e .g ., A N N  a n d  S V M ) 
b e c o m e s  u n re lia b le  in  d a ta -d o m a in s  th a t  fe a tu re  c o m p le x , h ig h ly  n o n lin e a r  a n d  p e r io d ic  
fu n c tio n a l re la tio n s h ip  b e tw e e n  o n e  o r  m o re  in p u t v a r ia b le s  a n d  th e  o u tp u t  [3 3 -3 5 ,7 0 ] . In  
th e  c o n te x t  o f  c o n c re te , th e  a b ility  to  in te rp o la te  in  su c h  h ig h ly  n o n lin e a r  d o m a in s  c o u ld  
b e  th e  d if fe re n c e  b e tw e e n  re l ia b le  a n d  u n re lia b le  p re d ic tio n s ;  th is  is  b e c a u s e  th e  
re la tio n s h ip s  b e tw e e n  m ix tu re  d e s ig n  v a r ia b le s  a n d  p ro p e r t ie s  o f  c o n c re te  a re  a lso  
e x p e c te d  to  b e  h ig h ly  n o n lin e a r  an d  n o n -m o n o to n o u s .
T o  te s t  th e  a b ility  o f  M L  m o d e ls  -  d e s c r ib e d  in  S e c tio n  2 .0  -  to  in te rp o la te  in  a 
h ig h ly  n o n lin e a r  a n d  p e r io d ic  d a ta -d o m a in s , d a ta se ts  g e n e ra te d  f ro m  tr ig o n o m e tr ic  
fu n c tio n s  sh o w n  in  E q u a tio n s  17 a n d  18 w e re  u se d . S im ila r  fu n c tio n s  w e re  o r ig in a lly
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suggested by Martius and Lampert [70] to test the ability of various ML models to 
interpolate (and extrapolate) within periodic data-domains. In Equation 17, x is an input 
vector consisting of xi, X2 , X3 , and X4 variables, and yi = Fi(x) is the output. For this 
function, xi = X2 = xj = 2 X4 . In Equation 18, x is an input vector consisting of the same xi, 
X2 , xj, and x4 variables, andy 2 = F2 (x) is the output. Here, xi = x2 = xj = -5 x4 . Two separate 
datasets were generated by varying xi (and, on account of the aforementioned equality, 
x2, xj, and x4 as well) between -4.0 and 4.0, and calculating Fi(x) and F2 (x) as functions 
of all four variables. The increment in xi was set at 0.01; as such, each of the two datasets 
consisted of 800 data-records with four input variables and a single output. Next, each 
dataset was split randomly into a training set (75%, or 600 data-records) and a test set 
(25%, or 200 data-records), using the procedure described in Section 3.1. All of the five 
ML models implemented in this study (i.e., MLP-ANN, SVM, M5P, RF, and RF-FFA) 
were then trained using the training dataset; subsequently, their prediction performances 
were assessed using the corresponding test dataset.
yi = F i ( x )  =  I - s i n^ i  (nxi ) ]  +  [x 2 c o s  ( 2rcx i + ^ ) ]  +  [X3] -  [ x |]
y2 = F2(X) =  — [(1  +  X2) ( s i n ( ^ X i ) ) ] +  [X2X3X4]
(1 7 )
(1 8 )
Figures 1 and 2 show predictions made by the five ML models plotted against the 
actual values, calculated using Equation 17 (i.e., for Fi(x)) and Equation 18 (i.e., for 
F2 (x)), respectively. Tables 3 and 4 summarize the statistical parameters (i.e., cumulative 
errors) pertaining to predictions made by the ML models, and the composite performance 
index (CPI, Equation 16) calculated using the five statistical parameters.
202
x 1 (U nitless) x 1 (Unitless)
x1 (Unitless) x 1 (Unitless)
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(d) (e)
Figure 1. Predictions made by ML models: (a) MLP-ANN; (b) SVM; (c) M5P; (d) RF; 
and (e) RF-FFA compared against actual values of the trigonometric function, Fi(x) 
(Equation 17). Both the actual values and predictions are plotted against xi, an input 
variable ranging from -4 to 4. Here, xi = X2 = xj = 2x4.
As can be seen in Figures 1 and 2, the MLP-ANN and SVM models are unable to 
capture the periodic nature of the dataset. As stated previously in Section 1.0, this is 
because both models employ local search or optimization algorithms, which are faced 
with an inherent drawback of getting trapped in local minima -  especially when the 
functional relationship between the input variables and output comprises of multiple local 
minima (e.g., datasets generated using Equations 17 and 18) -  rather than converging to 
the global minima. The poor prediction performance of MLP-ANN and SVM models is 
also reflected in the values of statistical parameters listed in Tables 1 and 2 (e.g., RMSE 
of 2.8552 and 1.5245 for MLP-ANN and SVM models, respectively, when used for 
prediction of Fi(x); and RMSE of 1.2602 and 0.9570 for MLP-ANN and SVM models,
r e s p e c t i v e l y ,  w h e n  u s e d  f o r  p r e d i c t i o n  o f  F 2 (x)). I t  i s  i n d e e d  p o s s i b l e  t o  i m p r o v e  
p r e d i c t i o n  p e r f o r m a n c e  o f  t h e  m o d e l s  b y  i n c o r p o r a t i n g  a l g o r i t h m s  b a s e d  o n  G e n e t i c  
p r o g r a m i n g  [ 1 7 , 3 1 ] ,  o r  b y  u s i n g  e n s e m b l e  t e c h n i q u e s  ( e . g . ,  b a g g i n g ,  v o t i n g ,  o r  s t a c k i n g  
a p p r o a c h e s  [ 1 1 , 3 6 ] ) .  H o w e v e r ,  a s  s t a t e d  p r e v i o u s l y  i n  S e c t i o n  1 . 0 ,  s u c h  t e c h n i q u e s  c o u l d  
r e s u l t  i n  s l o w e r  c o n v e r g e n c e  a n d / o r  o v e r f i t t i n g .
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T a b l e  3 .  P r e d i c t i o n  p e r f o r m a n c e  o f  M L  m o d e l s ,  m e a s u r e d  o n  t h e  b a s i s  o f  t h e  t e s t  s e t  
d e v e l o p e d  u s i n g  E q u a t i o n  1 7 .  F i v e  s t a t i s t i c a l  p a r a m e t e r s  ( i . e . ,  R ,  R 2 ,  M A E ,  M A P E ,  a n d  
R M S E )  a n d  t h e  c o m p o s i t e  p e r f o r m a n c e  i n d e x  ( C P I )  a r e  s h o w n .
M L  M o d e l R R 2 M A E M A P E R M S E C P I
Unitless Unitless Unitless Unitless Unitless Unitless
M L P - A N N 0 . 8 4 2 5 0 . 7 0 9 8 2 . 4 6 3 3 1 0 2 . 8 7 2 . 8 5 5 2 1 . 0 0 0 0
S V M 0 . 8 7 0 7 0 . 7 5 8 1 1 . 2 3 5 3 5 1 . 5 8 8 1 . 5 2 4 5 0 . 6 3 3 4
M 5 P 0 . 9 7 1 8 0 . 9 4 4 3 0 . 6 1 1 3 2 5 . 5 3 0 0 . 7 8 9 1 0 . 2 2 1 2
R F 0 . 9 9 9 5 0 . 9 9 9 0 0 . 0 7 5 3 3 . 1 4 3 6 0 . 0 9 7 7 0 . 0 1 0 6
R F - F F A 0 . 9 9 9 9 0 . 9 9 9 8 0 . 0 3 5 4 1 . 4 7 9 0 0 . 0 5 6 3 0 . 0 0 0 0
T h e  M 5 P  m o d e l  -  w h i c h  a t t e m p t s  t o  s p l i t  d a t a  l o g i c a l l y  a n d  t h e n  a p p l y  l i n e a l  
r e g r e s s i o n  m o d e l s  i n  e a c h  d a t a - s p l i t  -  p e r f o r m e d  b e t t e r  a t  p r e d i c t i o n s  c o m p a r e d  t o  M L P -  
A N N  a n d  S V M  m o d e l s  ( i . e . ,  C P I  o f  0 . 2 2 1 2  o f  M 5 P  v i s - a - v i s  1 . 0 0 0 0  a n d  0 . 6 3 3 4  o f  M L P -  
A N N  a n d  S V M  m o d e l s ,  r e s p e c t i v e l y ,  w h e n  u s e d  f o r  p r e d i c t i o n  o f  Fi(x)). W h i l e  t h e  M 5 P  
m o d e l  c a p t u r e s  t h e  p e r i o d i c  n a t u r e  o f  t h e  d a t a s e t ,  d u e  t o  t h e  a p p l i c a t i o n  o f  l i n e a r  m o d e l s  
a n d  l i m i t e d  s i z e  o f  t h e  d e c i s i o n  t r e e ,  t h e  a c t u a l  i n t e n s i t i e s  o f  t h e  l o c a l  m i n i m a  a n d  
m a x i m a  a r e  n o t  w e l l  c a p t u r e d  ( s e e  F i g u r e  1 ) .  A s  s u c h ,  t h e  R M S E  o f  t h e  m o d e l ’ s  
p r e d i c t i o n s  a r e  s t i l l  h i g h ,  t h a t  i s ,  0 . 7 8 9 1  f o r  Fi(x) a n d  0 . 1 6 4 8  f o r  F 2 (x).
T h e  R F  m o d e l  o u t p e r f o r m e d  a l l  o f  t h e  a f o r e m e n t i o n e d  m o d e l s  ( i . e . ,  M L P - A N N ,  
S V M ,  a n d  M 5 P )  i n  t e r m s  o f  p r e d i c t i o n  a c c u r a c y .  T h i s  i s  e x p e c t e d  b e c a u s e ,  i n  t h e  R F
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Figure 2. Predictions made by ML models: (a) MLP-ANN; (b) SVM; (c) M5P; (d) RF; 
and (e) RF-FFA compared against actual values of the trigonometric function, F2 (x) 
(Equation 18). Both the actual values and predictions are plotted against xi, an input 
variable ranging from -4 to 4. Here, xi = X2 = xj = -5x4.
model, a large number of trees are grown (i.e., 450 trees, with 5 leaves per tree, as 
described in Section 2.4) without pruning or smoothening (as opposed to the M5P model, 
wherein the number of trees is restricted, and pruning and smoothening are required). On 
account of having large number of the trees, splits in data are more logical, and, 
therefore, errors resulting from generalization are minimized and overfitting of the 
training data is mitigated [59,63]. Furthermore, because of the two-stage randomization 
employed in the RF model -  as described earlier and in [63] -  correlation among 
unpruned trees is minimized (diversity among trees is high), the bias is kept low, and 
variance is significantly reduced. The prediction of the RF model further improved when 
it was combined with the firefly algorithm (FFA). As shown in Figures 1-2 and Tables 3-
4 ,  t h e  h y b r i d  R F - F F A  m o d e l  w a s  n o t  o n l y  a b l e  t o  c a p t u r e  t h e  p e r i o d i c  n a t u r e  o f  t h e  
d a t a s e t  b u t  a l s o  a b l e  t o  r e l i a b l y  i n t e r p o l a t e  t h e  l o c a l  m i n i m a  a n d  m a x i m a  ( a n d  t h e  
i n t e r m e d i a  v a l u e s )  a c r o s s  t h e  e n t i r e  - 4 . 0 - t o - 4 . 0  r a n g e  o f  t h e  i n p u t  v a r i a b l e  xi. T h i s  
e n h a n c e m e n t  i n  p r e d i c t i o n  p e r f o r m a n c e  o f  t h e  h y b r i d  m o d e l ,  w i t h  r e s p e c t  t o  t h e  
s t a n d a l o n e  R F  m o d e l ,  c a n  b e  a t t r i b u t e d  t o  t h e  F F A ,  w h i c h  i s  a b l e  t o  o p t i m i z e  t h e  t w o  
h y p e r - p a r a m e t e r s  ( i . e . ,  n u m b e r  o f  t r e e s  a n d  n u m b e r  o f  l e a v e s  p e r  t r e e )  o f  t h e  R F  m o d e l  
b a s e d  o n  t h e  n a t u r e  a n d  v o l u m e  o f  t h e  d a t a s e t .  B a s e d  o n  o v e r a l l  p r e d i c t i o n  p e r f o r m a n c e  -  
a s  e s t i m a t e d  u s i n g  t h e  C P I ,  w h i c h  t a k e s  i n  a c c o u n t  a l l  o f  t h e  s t a t i s t i c a l  p a r a m e t e r s  ( s e e  
E q u a t i o n  1 6 )  -  t h e  r a n k i n g  o f  t h e  M L  m o d e l s  i s  a s  f o l l o w s :  R F - F F A  >  R F  >  M 5 P  >  S V M  
>  M L P - A N N .
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T a b l e  4 .  P r e d i c t i o n  p e r f o r m a n c e  o f  M L  m o d e l s ,  m e a s u r e d  o n  t h e  b a s i s  o f  t h e  t e s t  s e t  
d e v e l o p e d  u s i n g  E q u a t i o n  1 8 .  F i v e  s t a t i s t i c a l  p a r a m e t e r s  ( i . e . ,  R ,  R 2 , M A E ,  M A P E ,  a n d  
R M S E )  a n d  t h e  c o m p o s i t e  p e r f o r m a n c e  i n d e x  ( C P I )  a r e  s h o w n .
M L  M o d e l R R 2 M A E M A P E R M S E C P I
Unitless Unitless Unitless Unitless Unitless Unitless
M L P - A N N 0 . 8 5 9 8 0 . 7 3 9 2 1 . 0 7 9 4 9 1 . 1 3 3 1 . 2 6 0 2 0 . 9 6 3 3
S V M 0 . 8 4 5 0 0 . 7 1 4 0 0 . 7 2 0 1 6 0 . 7 9 7 0 . 9 5 7 0 0 . 8 1 7 5
M 5 P 0 . 9 9 6 3 0 . 9 9 2 6 0 . 1 2 7 2 1 0 . 7 3 7 0 . 1 6 4 8 0 . 0 7 9 7
R F 0 . 9 9 9 8 0 . 9 9 9 6 0 . 0 2 3 9 2 . 0 1 5 8 0 . 0 3 1 2 0 . 0 1 0 4
R F - F F A 1 . 0 0 0 0 1 . 0 0 0 0 0 . 0 0 6 3 0 . 5 3 5 9 0 . 0 1 0 7 0 . 0 0 0 0
4.2. COMPRESSIVE STRENGTH OF CONCRETE: DATASET-1
B a s e d  o n  r e s u l t s  s h o w n  i n  S e c t i o n  4 . 1 ,  i t  w a s  e s t a b l i s h e d  t h a t  t h e  h y b r i d  R F - F F A  
m o d e l  o u t p e r f o r m e d  t h e  s t a n d a l o n e  M L P - A N N ,  S V M ,  M 5 P ,  a n d  R F  m o d e l s  i n  t e r m s  o f  
p r e d i c t i o n  a c c u r a c y .  T h e  s t a n d a l o n e  R F  m o d e l  c a m e  a s  a  c l o s e  s e c o n d .  N o t w i t h s t a n d i n g ,  
t h e s e  r e s u l t s  p e r t a i n  t o  u s e r - c r e a t e d  t r i g o n o m e t r i c  f u n c t i o n s ,  w h e r e i n  t h e  r e l a t i o n s h i p
b e t w e e n  i n p u t  v a r i a b l e s  a n d  o u t p u t  c o u l d  b e  f a r  m o r e  c o m p l e x  t h a n  r e a l - w o r l d  d a t a s e t s .  
T h e r e f o r e ,  t o  g e t  a  b e t t e r  u n d e r s t a n d i n g  o f  p r e d i c t i o n  p e r f o r m a n c e  o f  t h e  M L  m o d e l s ,  a  
r e a l - w o r l d  d a t a s e t  o f  c o n c r e t e  -  t h a t  i s ,  D a t a s e t - 1 ,  d e s c r i b e d  i n  S e c t i o n  3 . 1  -  w a s  u s e d .
E a c h  d a t a - r e c o r d  i n  t h e  d a t a s e t  c o n s i s t s  o f  e i g h t  i n p u t  v a r i a b l e s  -  r e p r e s e n t i n g  c o n t e n t s  o f  
c e m e n t i t i o u s  m a t e r i a l s  a n d  a d m i x t u r e ,  a n d  a g e  -  a n d  o n e  o u t p u t  ( i . e . ,  c o m p r e s s i v e  
s t r e n g t h ) .  P r e d i c t i o n s  o f  c o m p r e s s i v e  s t r e n g t h  o f  c o n c r e t e s  f r o m  t h e  t e s t  s e t  o f  D a t a s e t - 1 ,  
a s  p r o d u c e d  b y  t h e  M L  m o d e l s ,  a r e  s h o w n  i n  F i g u r e  3 ;  s t a t i s t i c a l  e r r o r s  p e r t a i n i n g  t o  
p r e d i c t i o n s  a r e  s u m m a r i z e d  i n  T a b l e  5 .
A s  s h o w n  i n  F i g u r e  3  a n d  T a b l e  5 ,  a l l  M L  m o d e l s  p r e s e n t e d  i n  t h i s  s t u d y  w e r e  
a b l e  t o  p r e d i c t  t h e  a g e - d e p e n d e n t  c o m p r e s s i v e  s t r e n g t h  o f  c o n c r e t e  w i t h  r e a s o n a b l e  
a c c u r a c y .  T h i s  i s  e v i d e n c e d  b y  t h e  r e l a t i v e l y  l o w  a n d  h i g h  v a l u e s  o f  R M S E  ( r a n g i n g  
b e t w e e n  4 . 0 0 9 8 - a n d - 6 . 3 3 0 0  M P a )  a n d  R 2  ( r a n g i n g  b e t w e e n  0 . 8 6 6 4 - a n d - 0 . 9 4 4 8 ) ,  
r e s p e c t i v e l y ,  o f  p r e d i c t i o n s  m a d e  b y  t h e  M L  m o d e l s .  I t  m u s t  b e  p o i n t e d  o u t  t h a t  t h e  
d i f f e r e n c e s  i n  s t a t i s t i c a l  p a r a m e t e r s  a m o n g  t h e  d i f f e r e n t  M L  m o d e l s  a r e  n o t  a s  s i g n i f i c a n t  
a s  i n  t h e  c a s e  o f  S e c t i o n  4 . 1 ,  w h e r e i n  d a t a s e t s  d e v e l o p e d  f r o m  p e r i o d i c  t r i g o n o m e t r i c  
f u n c t i o n s  ( E q u a t i o n s  1 7  a n d  1 8 )  w e r e  u s e d .  T h i s  i s  h y p o t h e s i z e d  t o  b e  o n  a c c o u n t  o f  t h e  
r e l a t i v e l y  s i m p l e r  i n p u t - o u t p u t  r e l a t i o n s h i p  i n  t h e  c o n c r e t e  d a t a s e t  c o m p a r e d  t o  t h e  o n e s  
d i c t a t e d  b y  t r i g o n o m e t r i c  f u n c t i o n s .  S e v e r a l  o t h e r  s t u d i e s  -  t h a t  h a v e  u s e d  t h e  s a m e  
d a t a s e t  ( i . e . ,  p u b l i s h e d  o r i g i n a l l y  i n  [ 1 8 , 1 9 ] )  a n d  a p p l i e d  d i f f e r e n t  M L  m o d e l s  f o r  
p r e d i c t i o n s  -  h a v e  r e p o r t e d  R M S E  a n d / o r  R 2  v a l u e s  s i m i l a r  t o  t h o s e  s h o w n  i n  T a b l e  5 .  
S e l e c t e d  e x a m p l e s  o f  p r e d i c t i o n  p e r f o r m a n c e  o f  v a r i o u s  M L  m o d e l s  ( o n  D a t a s e t - 1 )  
r e p o r t e d  i n  l i t e r a t u r e  a r e  p r o v i d e d  b e l o w ;  a  c o m p r e h e n s i v e  r e v i e w ,  w i t h  a d d i t i o n a l  
e x a m p l e s ,  c a n  b e  f o u n d  i n  a n o t h e r  s t u d y  [ 1 6 ] .
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(d ) (e)
F ig u re  3. P re d ic t io n s  m a d e  b y  M L  m o d e ls : (a) M L P -A N N ; (b )  S V M ; (c )  M 5 P ; (d )  R F ; 
a n d  (e )  R F -F F A  c o m p a re d  a g a in s t a c tu a l c o m p re s s iv e  s tre n g th  o f  c o n c re te s  (d ra w n  
f ro m  D a ta se t-1 ) . T h e  d a sh e d  l in e  re p re s e n ts  th e  l in e  o f  id e a lity  a n d  th e  so lid  l in e s
re p re s e n t  a  ± 1 0 %  b o u n d .
In  th e  s tu d y  c o n d u c te d  b y  Y o u n g  e t al. [21], l in e a r  re g re s s io n , A N N , R F , b o o s te d  
tre e , a n d  S V M  m o d e ls  w e re  u se d , a n d  th e  R M S E  o f  p re d ic tio n s  m a d e  b y  th e  m o d e ls  
ra n g e d  b e tw e e n  4 .4 -a n d -5 .0  M P a . In  a n o th e r  s tu d y  c o n d u c te d  b y  V e lo s o  d e  M e lo  an d  
B a n z h f  [17], K a iz e n  P ro g ra m m in g  w ith  S im u la te d  A n n e a lin g  w a s  u se d , a n d  th e  R M S E  
w a s  ~ 6 .8  M P a . In  th e  s tu d y  o f  C h o u  e t al. [11], sev e ra l s ta n d a lo n e  a n d  e n s e m b le  M L  
m o d e ls  w e re  im p le m e n te d  to  fo re c a s t  c o m p re s s iv e  s tre n g th s  o f  c o n c re te s  l is te d  D a ta se t-1 . 
A m o n g  th e  s ta n d a lo n e  m o d e ls , th e  R M S E  w a s  b e tw e e n  5 .5 9 -a n d -1 0 .1 1  M P a ; an d , a m o n g  
th e  e n se m b le  m o d e ls , th e  R M S E  w a s  b e tw e e n  5 .5 1 -a n d -3 8 .4 1  M P a . In  th e  s tu d y  o f  
B e h n o o d  e t al. [9], th e  M 5 P  m o d e l w a s  u se d , a n d  th e  R M S E  o f  p re d ic tio n s  w a s  re p o r te d  
as 6 .1 7 8  M P a  -  a  v a lu e  c lo se  to  th e  o n e  o b ta in e d  b y  th e  M 5 P  m o d e l u s e d  in  th is  s tu d y
( s e e  T a b l e  5 ) .  L a s t l y ,  i n  a  s t u d y  c o n d u c t e d  b y  C h o u  a n d  P h a m  [ 4 5 ] ,  t h e  S V M  a l g o r i t h m  
w a s  c o m b i n e d  w i t h  F F A ,  a n d  a p p l i e d  t o  p r e d i c t  c o m p r e s s i v e  s t r e n g t h  o f  c o n c r e t e s  f r o m  
D a t a s e t - 1 .  B a s e d  o n  t h e  r e p o r t e d  r e s u l t s ,  t h e  h y b r i d  [ S V M  +  F F A ]  m o d e l  o u t p e r f o r m e d  
o t h e r  s t a n d a l o n e  ( e . g . ,  S V M )  a n d  e n s e m b l e  m o d e l s  ( e . g . ,  A N N  +  S V M ) ,  a n d  y i e l d e d  
p r e d i c t i o n s  w i t h  R M S E  o f  5 . 6 3 1  M P a .
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T a b l e  5 .  P r e d i c t i o n  p e r f o r m a n c e  o f  M L  m o d e l s ,  m e a s u r e d  o n  t h e  b a s i s  o f  t h e  t e s t  s e t  o f  
D a t a s e t - 1 .  F i v e  s t a t i s t i c a l  p a r a m e t e r s  ( i . e . ,  R ,  R 2 , M A E ,  M A P E ,  a n d  R M S E )  a n d  t h e  
c o m p o s i t e  p e r f o r m a n c e  i n d e x  ( C P I )  a r e  s h o w n .
M L
M o d e l
R R 2 M A E M A P E R M S E C P I
Unitless Unitless MPa % MPa Unitless
M L P -
A N N
0 . 9 3 0 8 0 . 8 6 6 4 5 . 0 4 2 1 3 6 . 1 4 3 6 . 3 3 0 0 1 . 0 0 0 0
S V M 0 . 9 5 2 5 0 . 9 0 7 3 3 . 5 7 5 6 2 5 . 6 2 4 5 . 2 2 3 4 0 . 4 3 8 5
M 5 P 0 . 9 5 0 2 0 . 9 0 2 9 4 . 2 3 6 9 3 0 . 3 6 7 5 . 3 5 1 8 0 . 5 8 8 4
R F 0 . 9 6 5 4 0 . 9 3 2 0 3 . 2 6 7 4 2 3 . 4 4 3 4 . 5 1 0 3 0 . 1 9 9 9
R F - F F A 0 . 9 7 2 0 0 . 9 4 4 8 2 . 7 3 0 1 1 9 . 5 7 1 4 . 0 0 9 8 0 . 0 0 0 0
G o i n g  b a c k  t o  T a b l e  5 ,  i t  i s  c l e a r  f r o m  a l l  o f  t h e  f i v e  s t a t i s t i c a l  p a r a m e t e r s  t h a t  t h e  
R F  a n d  t h e  h y b r i d  R F - F F A  m o d e l s  h a v e  s u p e r i o r  p r e d i c t i o n  p e r f o r m a n c e  c o m p a r e d  t o  
M L P ,  S V M ,  a n d  M 5 P  m o d e l s .  B a s e d  o n  t h e  v a l u e s  o f  C P I  -  t h e  u n i f i e d  m e a s u r e  o f  
p r e d i c t i o n  p e r f o r m a n c e  -  t h e  M L  m o d e l s  c a n  b e  r a n k e d  a s  R F - F F A  >  R F  >  S V M  >  M 5 P  
>  M L P - A N N .  T h i s  o r d e r  i s  s i m i l a r  t o  t h e  o n e  t h a t  e m e r g e d  i n  S e c t i o n  4 . 1 ,  w h e r e i n  
p e r i o d i c  t r i g o n o m e t r i c  f u n c t i o n s  w e r e  u s e d  t o  g e n e r a t e  d a t a s e t s .  H e r e  a g a i n ,  t h e  
s u p e r i o r i t y  o f  t h e  R F  m o d e l  -  c o m p a r e d  t o  M L P - A N N ,  S V M ,  a n d  M 5 P  m o d e l s  -  i s  
a t t r i b u t e d  t o  t h e  l a r g e  n u m b e r  o f  u n p r u n e d  t r e e s  t h a t  a r e  g r o w n  ( i . e . ,  4 5 0  t r e e s ,  w i t h  5  
l e a v e s  p e r  t r e e ,  a s  d e s c r i b e d  i n  S e c t i o n  2 . 4 ) .  S u c h  d e p t h  i n  t h e  m o d e l ’ s  s t r u c t u r e  a l l o w s
m o r e  l o g i c a l  s p l i t s  i n  t h e  d a t a ,  w h i c h ,  i n  t u r n ,  r e s u l t s  i n  d e v e l o p m e n t  o f  l o g i c a l  i n p u t -  
o u t p u t  c o r r e l a t i o n s ,  a n d  m i t i g a t e s  o v e r f i t t i n g  a n d  g e n e r a l i z a t i o n  e r r o r s .  E v e n  f u r t h e r  
e n h a n c e m e n t  i n  p r e d i c t i o n  p e r f o r m a n c e  w a s  a c h i e v e d  w h e n  t h e  R F  m o d e l  w a s  c o m b i n e d  
w i t h  F F A .  T h i s  e n h a n c e m e n t  i s  a t t r i b u t e d  t o  t h e  F F A ’ s  a b i l i t y  t o  o p t i m i z e  t h e  n u m b e r  o f  
t r e e s  a n d  l e a v e s  p e r  t r e e  o f  t h e  R F  m o d e l  -  b a s e d  o n  i n t r i n s i c  c h a r a c t e r i s t i c s  o f  t h e  
d a t a s e t ,  a n d  a l l  w i t h o u t  a n y  u s e r  i n t e r v e n t i o n .
O n  a  c l o s i n g  n o t e  o f  t h i s  s e c t i o n ,  i t  i s  p o i n t e d  o u t  t h a t  t h e  R M S E  o f  p r e d i c t i o n s  
p r o d u c e d  b y  t h e  R F - F F A  m o d e l  a r e  l o w e r  ( i . e . ,  R M S E  =  4 . 0 0 9 8  M P a )  t h a n  t h e  v a l u e s  
r e p o r t e d  i n  a l l  o t h e r  s t u d i e s  f o u n d  i n  t h e  a u t h o r s ’  l i t e r a t u r e  r e v i e w  [ 8 - 1 8 , 2 0 - 2 2 , 4 5 ] .  
A d m i t t e d l y ,  t h e  R M S E  v a l u e  a l o n e  c a n n o t  b e  u s e d  t o  a s s e r t  t h a t  t h e  R F - F F A  m o d e l  i s  
s u p e r i o r  c o m p a r e d  t o  o t h e r s .  T h i s  i s  m a i n l y  b e c a u s e  s u c h  c o m p a r i s o n  o f  p r e d i c t i o n  
p e r f o r m a n c e  o f  M L  m o d e l s ,  d e v e l o p e d  a n d  i m p l e m e n t e d  b y  d i f f e r e n t  u s e r s  ( i n  s p i t e  o f  
u t i l i z a t i o n  o f  t h e  s a m e  d a t a b a s e ) ,  i s  c o m p l e x  o n  a c c o u n t  o f  d i f f e r e n c e s  i n :  ( i )  d e s c r i p t i o n  
o f  c u m u l a t i v e  s t a t i s t i c a l  e r r o r  ( e . g . ,  i n  s o m e  p a p e r s ,  R 2  -  r a t h e r  t h a n  R M S E  -  w a s  u s e d  t o  
a s s e s s  a c c u r a c y ) ;  ( i i )  s p l i t t i n g  o f  p a r e n t  d a t a s e t  i n t o  t r a i n i n g  a n d  t e s t  s e t s  ( e . g . ,  i n  s o m e  
p a p e r s ,  t h e  p a r e n t  d a t a s e t  w a s  s p l i t  a s  p e r  8 0 - a n d - 2 0 %  o r  6 6 . 6 6 - a n d - 3 3 . 3 3 %  b e t w e e n  t h e  
t r a i n i n g  a n d  t e s t  s e t s  -  a s  o p p o s e d  t o  7 5 - a n d - 2 5 % ,  a s  u s e d  i n  t h i s  s t u d y ) ;  ( i i i )  t o t a l  
n u m b e r  o f  d a t a - r e c o r d s  u s e d  f o r  t r a i n i n g  a n d  t e s t i n g  o f  t h e  M L  m o d e l s  ( e . g . ,  i n  s o m e  
p a p e r s ,  a l l  1 0 3 0  d a t a - r e c o r d s  o f  D a t a s e t - 1  w e r e  u s e d ,  w h e r e a s  i n  s o m e  o n l y  a  f r a c t i o n  o f  
t h e m  w e r e  u s e d ) ;  a n d  ( i v )  m e t h o d o l o g y  u s e d  f o r  o p t i m i z a t i o n  o f  m o d e l  p a r a m e t e r s  ( e . g . ,  
s o m e  p a p e r s  u s e d  t h e  c r o s s - v a l i d a t i o n  m e t h o d  t o  o p t i m i z e  m o d e l  p a r a m e t e r s  u s i n g  t h e  
t r a i n i n g  d a t a s e t ,  w h e r e a s ,  i n  t h i s  s t u d y ,  t h e  F F A  w a s  u s e d  t o  o p t i m i z e  h y p e r - p a r a m e t e r s  
o f  t h e  R F  m o d e l ) .  N o t w i t h s t a n d i n g ,  t h e  l o w  R M S E  ( i . e . ,  4 . 0 0 9 8  M P a )  -  c o m b i n e d  w i t h
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l o w  v a l u e s  o f  M A E  a n d  M A P E  a n d  h i g h  v a l u e s  o f  R  a n d  R 2  ( s e e  T a b l e  5 )  -  p r o d u c e d  b y  
t h e  h y b r i d  R F - F F A  m o d e l  c e r t a i n l y  s u g g e s t  t h a t  t h e  m o d e l  i s  a  p r o m i s i n g  t o o l  f o r  p r o m p t ,  
r e l i a b l e ,  a n d  a c c u r a t e  p r e d i c t i o n s  o f  a g e - d e p e n d e n t  c o m p r e s s i v e  s t r e n g t h  o f  c o n c r e t e s  
u s i n g  t h e i r  m i x t u r e  d e s i g n  v a r i a b l e s  a s  i n p u t s .
4.3. COMPRESSIVE STRENGTH OF CONCRETE: DATASET-2
I n  S e c t i o n  4 . 2 ,  i t  w a s  s h o w n  t h a t  t h e  p r o p o s e d  h y b r i d  R F - F F A  m o d e l  p r o d u c e d  
p r e d i c t i o n s  o f  c o n c r e t e  c o m p r e s s i v e  s t r e n g t h  w i t h  R M S E  o f  4 . 0 0 9 8  M P a  —  s u g g e s t i n g  a  
r e a s o n a b l y  h i g h  d e g r e e  o f  a c c u r a c y ,  e s p e c i a l l y  i n  c o m p a r i s o n  t o  p r e d i c t i o n s  p r o d u c e d  b y  
M L  m o d e l s  r e p o r t e d  i n  l i t e r a t u r e  a s  w e l l  a s  o t h e r  M L  m o d e l s  p r e s e n t e d  i n  t h i s  s t u d y  ( i . e . ,  
M L P - A N N ,  S V M ,  M 5 P ,  a n d  R F ) .  T h e  d a t a s e t  u s e d  i n  S e c t i o n  4 . 2  c o m p r i s e d  o f  1 0 3 0  
d a t a - r e c o r d s ,  p r o v i d i n g  t h e  R F - F F A  m o d e l  a d e q u a t e  n u m b e r  o f  d a t a - r e c o r d s  ( i . e . ,  0 . 7 5  x  
1 0 3 0  =  7 7 2 )  f o r  d e v e l o p i n g  l o g i c a l  i n p u t - o u t p u t  c o r r e l a t i o n s  a n d ,  t h u s ,  m a k i n g  a c c u r a t e  
p r e d i c t i o n s .  I t  i s ,  h o w e v e r ,  i m p o r t a n t  t o  e x a m i n e  i f  t h e  R F - F F A  m o d e l  i s  a b l e  t o  r e t a i n  i t s  
s u p e r i o r  p r e d i c t i o n  p e r f o r m a n c e  w h e n  a  m u c h  s m a l l e r  d a t a s e t  i s  u s e d  f o r  t r a i n i n g  ( a n d  
t e s t i n g ) .  S u c h  e x a m i n a t i o n  i s  d e e m e d  n e c e s s a r y  b e c a u s e  g e n e r a t i n g  l a r g e  d a t a s e t s  o f  
c o n c r e t e  p e r f o r m a n c e  i s  v e r y  t i m e - c o n s u m i n g ;  t h u s ,  i t  i s  i m p o r t a n t  t o  e v a l u a t e  w h e t h e r  o r  
n o t  t h e  p r o p o s e d  R F - F F A  m o d e l  i s  a p p l i c a b l e  t o  s m a l l e r  c o n c r e t e  d a t a s e t s  t h a t  a r e  m o r e  
a b u n d a n t  a n d  e a s i l y - f o u n d  i n  l i t e r a t u r e .  T o w a r d s  t h i s ,  t h e  p r e d i c t i o n  p e r f o r m a n c e  o f  t h e  
R F - F F A  m o d e l  w a s  e v a l u a t e d  u s i n g  D a t a s e t - 2  ( d e s c r i b e d  i n  S e c t i o n  3 . 1 )  a n d  
b e n c h m a r k e d  a g a i n s t  t h e  p e r f o r m a n c e  o f  o t h e r  M L  m o d e l s .  R e a d e r s  a r e  r e m i n d e d  t h a t  
D a t a s e t - 2  c o n s i s t s  o f  7 6  d a t a - r e c o r d s ,  f e a t u r i n g  d i f f e r e n t  c o n c r e t e  m i x t u r e  d e s i g n s  a n d  
t h e i r  c o m p r e s s i v e  s t r e n g t h s  a t  2 8  d a y s .  T h e  m i x t u r e  d e s i g n  v a r i a b l e s  w e r e  u s e d  a s  i n p u t s ;
th e  2 8 -d a y  c o m p re s s iv e  s tre n g th  w a s  u s e d  as an  o u tp u t. P re d ic t io n s  o f  c o m p re s s iv e  
s tre n g th  o f  c o n c re te s  f ro m  th e  te s t  se t o f  D a ta se t-2 , as p ro d u c e d  b y  th e  M L  m o d e ls , a re  
sh o w n  in  F ig u re  4; s ta tis tic a l e rro rs  p e r ta in in g  to  th e  p re d ic tio n s  a re  s u m m a riz e d  in  T a b le
6.
A k in  to  th e  re su lts  sh o w n  in  S e c tio n  4 .2 , all f iv e  M L  m o d e ls  w e re  a b le  to  p re d ic t  
th e  a g e -d e p e n d e n t c o m p re s s iv e  s tre n g th  o f  c o n c re te s  f ro m  D a ta se t-2  w ith  re a s o n a b le  
a c cu ra cy . T h e  R M S E  o f  p re d ic tio n s  m a d e  b y  th e  M L  m o d e ls  ra n g e  f ro m  0 .9 2 1 3 - to -  
2 .6 7 5 4  M P a , a tte s tin g  to  th e  h ig h  d e g re e  o f  a c c u ra c y  o f  p red ic tio n s . T h e se  R M S E  v a lu e s  
a re  lo w e r  th a n  th o se  re p o r te d  in  so m e  p r io r  s tu d ie s  [3 1 ,6 7 ], a lb e it  s im ila r  to  th o se  
re p o r te d  in  a  r e c e n t  s tu d y  [32] -  w h e re in  A N N , R F , a n d  d e c is io n  tre e  m o d e ls  w e re  u s e d  
fo r  m a k in g  p red ic tio n s . U p o n  c o m p a r in g  th e  o v e ra ll p re d ic tio n  p e rfo rm a n c e s , b a s e d  o n  
th e  v a lu e s  o f  C P I (T a b le  6 ), th e  fo llo w in g  o rd e r  e m e rg es : R F -F F A  =  F A  >  S V M  >  M L P - 
A N N  >  M 5 P . T h is  o rd e r, o n c e  a g a in , su g g e s ts  th a t  p re d ic tio n  p e rfo rm a n c e  o f  th e  R F - 
F F A  m o d e l is  su p e rio r  c o m p a re d  to  o th e r  M L  m o d e ls  p re s e n te d  in  th is  s tu d y . A lth o u g h  
th e  a fo re m e n tio n e d  o rd e r  is  b ro a d ly  s im ila r  to  th e  o n e  o b ta in e d  f ro m  p re d ic tio n s  o f  
s tre n g th  o f  c o n c re te s  f ro m  D a ta se t-1  (S e c tio n  4 .2 ) , th e re  a re  a  fe w  sm all d iffe re n c es .
F irs tly , in  D a ta se t-2 , th e  p re d ic tio n  p e rfo rm a n c e  o f  th e  M 5 P  m o d e l is  th e  w o rs t;  th is  w a s  
n o t  th e  c a se  w h e n  D a ta se t-1  w a s  u sed . I t  is  e x p e c te d  th a t  th e  d e te r io ra tio n  in  p e rfo rm a n c e  
o f  th e  M 5 P  m o d e l is  d u e  to  th e  m u c h  s m a lle r  v o lu m e  o f  D a ta se t-2  ( i.e ., 7 6  d a ta - re c o rd s  
as o p p o s e d  to  1030  o f  D a ta se t-1 )  -  th u s  re s u ltin g  in  in fe r io r  q u a lity  o f  sp lits  in  th e  
t ra in in g  d a ta se t, an d , c o n se q u e n tly , p o o r  in p u t-o u tp u t  l in e a r  c o rre la t io n s  w ith in  e a c h  sp lit. 
T h e  p o o r  p re d ic tio n  p e rfo rm a n c e  o f  th e  M 5 P  m o d e l in d ic a te s  -  as w a s  a lso  s u g g e s te d  in  a 




F ig u re  4. P re d ic t io n s  m a d e  b y  M L  m o d e ls : (a) M L P -A N N ; (b )  S V M ; (c )  M 5 P ; (d )  R F ; 
a n d  (e )  R F -F F A  c o m p a re d  a g a in s t a c tu a l c o m p re s s iv e  s tre n g th  o f  c o n c re te s  (d ra w n  
f ro m  D a ta se t-2 ) . T h e  d a sh e d  l in e  re p re s e n ts  th e  l in e  o f  id e a lity  a n d  th e  so lid  l in e s
re p re s e n t  a  ± 1 0 %  b o u n d .
l im ite d  n u m b e r  o f  tre e s : ( i)  c a n n o t e n su re  h o m o g e n e ity  in  d a ta  c lu s te re d  in  e a c h  n o d e , (ii) 
c a n n o t m a in ta in  d iv e rs ity  a m o n g  th e  d if fe re n t n o d e s , an d , th e re fo re , ( ii i)  a re  u n a b le  to  
m a k e  p re d ic tio n s  in  an  a c c u ra te  m a n n e r . S e c o n d ly , i t  is  a lso  in te re s t in g  to  n o te  in  T a b le  6 
th a t  b o th  th e  R F  a n d  R F -F F A  m o d e ls  h a v e  s im ila r  p re d ic tio n  p e rfo rm a n c e s . T h e  
im p lic a tio n  o f  th is  e q u iv a le n c y  is  th a t  w h e n  th e  d a ta s e t  is  sm a ll, th e  a p p lic a t io n  o f  F F A  -  
fo r  o p tim iz a tio n  o f  th e  tw o  h y p e r-p a ra m e te rs  ( i.e ., n u m b e r  o f  tre e s  a n d  n u m b e r  o f  le a v e s  
p e r  tre e  in  th e  fo re s t)  o f  th e  R F  m o d e l -  is  re d u n d a n t a n d  d o e s  n o t  n e c e s s a r i ly  e lic it  an y  
su b s ta n tia l  im p ro v e m e n t in  p re d ic tio n  p e rfo rm a n c e . H o w e v e r , w h e n  th e  d a ta s e t  is  la rg e  -  
fo r  e x a m p le , D a ta se t-1  -  th e  a p p lic a t io n  o f  F F A  is  b e n e fic ia l  in  th a t  i t  p ro d u c e s
s u b s t a n t i a l  i m p r o v e m e n t  i n  p r e d i c t i o n  p e r f o r m a n c e  o f  t h e  R F  m o d e l  b y  o p t i m i z i n g  i t s  
t w o  h y p e r - p a r a m e t e r s  i n  r e l a t i o n  t o  t h e  n a t u r e  a n d  v o l u m e  o f  t h e  d a t a s e t  ( s e e  T a b l e  5 ) .
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T a b l e  6 .  P r e d i c t i o n  p e r f o r m a n c e  o f  M L  m o d e l s ,  m e a s u r e d  o n  t h e  b a s i s  o f  t h e  t e s t  s e t  o f  
D a t a s e t - 2 .  F i v e  s t a t i s t i c a l  p a r a m e t e r s  ( i . e . ,  R ,  R 2 , M A E ,  M A P E ,  a n d  R M S E )  a n d  t h e  
c o m p o s i t e  p e r f o r m a n c e  i n d e x  ( C P I )  a r e  s h o w n .
M L
M o d e l
R R 2 M A E M A P E R M S E C P I
Unitless Unitless MPa % MPa Unitless
M L P -
A N N
0 . 9 2 0 1 0 . 8 4 6 4 0 . 9 1 6 3 2 7 . 3 5 2 1 . 8 7 8 3 0 . 2 8 5 7
S V M 0 . 9 5 6 5 0 . 9 1 4 9 1 . 0 6 3 5 3 1 . 7 4 4 1 . 3 8 4 1 0 . 1 8 7 6
M 5 P 0 . 8 0 0 3 0 . 6 4 0 0 2 . 1 4 8 0 6 4 . 1 2 7 2 . 6 7 5 4 1 . 0 0 0 0
R F 0 . 9 7 7 8 0 . 9 5 6 1 0 . 7 7 1 8 2 3 . 0 4 1 0 . 9 2 3 1 3 0 . 0 0 0 0
R F - F F A 0 . 9 7 7 8 0 . 9 5 6 1 0 . 7 7 1 8 2 3 . 0 4 1 0 . 9 2 3 1 3 0 . 0 0 0 0
5. CONCLUSIONS
T h i s  s t u d y  d e v e l o p e d  a n d  p r e s e n t e d  a  n o v e l  h y b r i d  m a c h i n e  l e a r n i n g  ( M L )  m o d e l  
( R F - F F A )  f o r  p r e d i c t i o n  o f  c o m p r e s s i v e  s t r e n g t h  o f  c o n c r e t e ,  i n  r e l a t i o n  t o  i t s  m i x t u r e  
d e s i g n  a n d  a g e ,  b y  c o m b i n i n g  t h e  r a n d o m  f o r e s t s  ( R F )  m o d e l  w i t h  t h e  f i r e f l y  a l g o r i t h m  
( F F A ) .  T h e  f i r e f l y  a l g o r i t h m  -  a  m e t a h e u r i s t i c  o p t i m i z a t i o n  t e c h n i q u e  -  w a s  u s e d  t o  
o p t i m i z e  t h e  t w o  h y p e r - p a r a m e t e r s  o f  t h e  R F  m o d e l  ( i . e . ,  t h e  n u m b e r  o f  t r e e s  a n d  t h e  
n u m b e r  o f  l e a v e s  p e r  t r e e  i n  t h e  f o r e s t )  i n  r e l a t i o n  t o  t h e  v o l u m e  a n d  n a t u r e  o f  t h e  d a t a s e t ,  
a n d  w i t h o u t  a n y  u s e r  i n t e r v e n t i o n .
T h e  R F - F F A  m o d e l  w a s  t r a i n e d  t o  d e v e l o p  c o r r e l a t i o n s  b e t w e e n  i n p u t  v a r i a b l e s  
a n d  o u t p u t  o f  t w o  d i f f e r e n t  c a t e g o r i e s  o f  d a t a s e t s ;  s u c h  c o r r e l a t i o n s  w e r e  s u b s e q u e n t l y  
l e v e r a g e d  b y  t h e  m o d e l  t o  m a k e  p r e d i c t i o n s .  T h e  f i r s t  c a t e g o r y  i n c l u d e d  t w o  s e p a r a t e
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d a ta se ts  fe a tu r in g  h ig h ly  n o n lin e a r  a n d  p e r io d ic  re la tio n s h ip  b e tw e e n  in p u t v a r ia b le s  an d  
o u tp u t  as  g iv e n  b y  tr ig o n o m e tr ic  fu n c tio n s . T h e  se c o n d  c a te g o ry  in c lu d e d  tw o  re a l-w o r ld  
d a ta se ts , c o m p r ise d  o f  m ix tu re  d e s ig n  v a r ia b le s  a n d  a g e  o f  c o n c re te s  as in p u ts  a n d  th e ir  
c o m p re s s iv e  s tre n g th s  as o u tp u ts . T h e  p e rfo rm a n c e  o f  th e  h y b r id  R F -F F A  m o d e l w a s  
b e n c h m a rk e d  a g a in s t c o m m o n ly  u s e d  s ta n d a lo n e  M L  m o d e ls  -  su p p o rt v e c to r  m a c h in e  
(S V M ), m u lt i la y e r  p e rc e p tro n  a r tif ic ia l n e u ra l n e tw o rk  (M L P -A N N ), M 5 P r im e  m o d e l 
tre e  a lg o r ith m  (M 5 P ), a n d  R F . T h e  m e tr ic s  u s e d  fo r  e v a lu a tio n  o f  p re d ic tio n  a c c u ra c y  o f  
th e  M L  m o d e ls  in c lu d e d  f iv e  d if fe re n t s ta tis tic a l m e a s u re s  ( i.e ., R , R 2, M A E , R M S E , an d  
M A P E )  as w e ll as  a  c o m p o s ite  p e rfo rm a n c e  in d e x  (C P I).
T h e  p re d ic tio n  p e rfo rm a n c e s  o f  M L P -A N N  a n d  S V M  m o d e ls  w e re  re a s o n a b le  fo r  
c o n c re te  d a ta s e ts ;  h o w e v e r , th e ir  in a b ili ty  to  id e n tify  a n d  c o n v e rg e  to  g lo b a l m in im a  
re n d e re d  th e ir  p re d ic tio n  p e rfo rm a n c e s  p o o r  w h e n  d a ta se ts  g e n e ra te d  f ro m  tr ig o n o m e tr ic  
fu n c tio n s  w e re  u sed . T h e  p re d ic tio n  p e rfo rm a n c e  o f  th e  M 5 P  m o d e l, in  g e n e ra l, w a s  
c o m m e n s u ra b le  to , o r  s lig h tly  su p e rio r  c o m p a re d  to , th o se  o f  M L P -A N N  a n d  S V M  
m o d e ls . H o w e v e r , o n  a c c o u n t o f  l im ite d  s ize  (o r  d e p th )  o f  th e  d e c is io n  tre e  a n d  u til iz a tio n  
o f  m u lt iv a r ia te  l in e a r  re g re s s io n  m o d e ls , p re d ic tio n  p e rfo rm a n c e  o f  th e  M 5 P  m o d e l w a s  
c o n s is te n tly  in fe r io r  c o m p a re d  to  th o s e  o f  R F  a n d  R F -F F A  m o d e ls . T h e  su p e rio r ity  o f  th e  
R F  m o d e l w a s  a ttr ib u te d  to  th e  la rg e  n u m b e r  o f  u n p ru n e d  tre e s , w h ic h , in  tu rn , re s u lts  in  
d e v e lo p m e n t o f  lo g ic a l in p u t-o u tp u t  c o rre la tio n s , a n d  m itig a te s  o v e rf i tt in g  an d  
g e n e ra liz a tio n  e rro rs . E v e n  fu r th e r  e n h a n c e m e n t in  p re d ic tio n  p e rfo rm a n c e  w a s  a c h ie v e d  
w h e n  th e  R F  m o d e l w a s  c o m b in e d  w ith  F F A  (i.e ., R F -F F A  m o d e l) . T h is  e n h a n c e m e n t in  
p re d ic tio n  p e rfo rm a n c e  w a s  a ttr ib u te d  to  th e  F F A ’s a b ility  to  o p tim iz e  th e  n u m b e r  o f  
tre e s  a n d  le a v e s  p e r  tre e  o f  th e  R F  m o d e l b a s e d  o n  th e  v o lu m e  a n d  n a tu re  o f  th e  d a ta se t.
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T h e  h ig h  d e g re e  o f  p re d ic tio n  a c c u ra c y  (i.e ., R M S E  o f  - 4 .0  a n d  - 0 .9 2  M P a  fo r  th e  la rg e  
a n d  sm a ll d a ta se ts , r e s p e c tiv e ly )  p ro d u c e d  b y  th e  h y b r id  R F -F F A  m o d e l su g g e s ts  th a t  th e  
m o d e l is  a  p ro m is in g  to o l fo r  p ro m p t a n d  re l ia b le  p re d ic tio n  o f  c o m p o s itio n -d e p e n d e n t 
p ro p e r t ie s  o f  c o n c re te . I t  is  e x p e c te d  th a t  u t i l iz a tio n  o f  h ig h e r  q u a lity  o f  d a ta b a se  -  
w h e re in  in f lu e n tia l  p h y s ic a l (e .g ., p a r t ic le  s iz e  d is tr ib u tio n )  a n d  c h e m ic a l (e .g ., 
c o m p o s itio n )  a ttr ib u te s  o f  c o n c re te  c o m p o n e n ts  (e .g ., c e m e n t a n d  f ly  a sh )  a n d  c u rin g  
c o n d itio n s  (e .g ., te m p e ra tu re  a n d  re la tiv e  h u m id ity  o f  c u rin g )  a re  a lso  d e s c r ib e d  -  w ill 
le a d  to  e v e n  s u p e rio r  p re d ic tio n  p e rfo rm a n c e .
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VI. PREDICTION OF FLOTATION EFFICIENCY OF METAL SULFIDES 
USING AN ORIGINAL HYBRID MACHINE LEARNING MODEL
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ABSTRACT
F r o t h  f l o t a t i o n  p r o c e s s  i s  e x t e n s i v e l y  u s e d  f o r  s e l e c t i v e  s e p a r a t i o n  o f  b a s e  m e t a l  
s u l f i d e s  f r o m  u n e c o n o m i c  m i n e r a l  r e s o u r c e s .  R e l i a b l e  p r e d i c t i o n  o f  p r o c e s s  o u t c o m e s  
( m e t a l  r e c o v e r y  a n d  g r a d e )  i s  v i t a l  t o  e n s u r e  p e a k  p e r f o r m a n c e .  T h i s  w o r k  e m p l o y s  a n  
i n n o v a t i v e  h y b r i d  m a c h i n e  l e a r n i n g  ( M L )  m o d e l  -  c o n s t r u c t e d  b y  c o m b i n i n g  t h e  r a n d o m  
f o r e s t  m o d e l  a n d  t h e  f i r e f l y  a l g o r i t h m  -  t o  p r e d i c t  f r o t h  f l o t a t i o n  e f f i c i e n c y  o f  g a l e n a  a n d  
c h a l c o p y r i t e  i n  r e l a t i o n  t o  v a r i o u s  e x p e r i m e n t a l  p r o c e s s  p a r a m e t e r s .  T h e  h y b r i d  m o d e l ’ s  
p r e d i c t i o n  p e r f o r m a n c e  w a s  r i g o r o u s l y  e v a l u a t e d ,  a n d  c o m p a r e d  a g a i n s t  f o u r  d i f f e r e n t  
s t a n d a l o n e  M L  m o d e l s .  T h e  o u t c o m e s  o f  t h i s  s t u d y  i l l u s t r a t e  t h a t  t h e  h y b r i d  M L  m o d e l  
h a s  t h e  p r e d i c t i o n  a b i l i t y  t o  p r o c e s s  o u t c o m e s  w i t h  h i g h - f i d e l i t y ,  w h i l e  c o n s i s t e n t l y  
o u t p e r f o r m i n g  t h e  s t a n d a l o n e  M L  m o d e l s .
K e y w o r d s :  F r o t h  F l o t a t i o n ;  C o m p l e x  S u l f i d e  O r e ;  M a c h i n e  L e a r n i n g ;  R a n d o m  F o r e s t s ;  




Froth flotation process is the most widely used practice to concentrate sulfide 
minerals -  the main economic sources of world supplies of base metals. The flotation 
efficiency of metal sulfides is influenced by several key process variables [e.g., water 
chemistry, reagents chemistry, feed characteristics, cell type, and aeration rate] [1-3]. 
Although each of these parameters influences the flotation process outcomes (metal 
recovery and grade) independently, their interdependence makes the process control very 
difficult. Therefore, there is an urgent need to develop and employ adaptive intelligent 
control tools that take into account the diversity of these variables and their mutual 
interaction to ensure process stability and desired outcomes.
Several studies have employed conventional modeling tools (e.g., semi-empirical 
mathematical functions and unconstrained/unsupervised statistical approaches) in 
attempts to predict flotation outcomes in relation to experimental process parameters that 
can be readily measured [2,4-6]. Such modeling tools, however, are often based on semi­
empirical laws, that are unable to explicitly account for the underlying mechanisms that 
drive the froth flotation process. Thus, the models suffer from a number of limitations, 
including lack of applicability in complex systems (or systems that are different from the 
ones used for the model’s calibration), requirement of extensive model validation, and 
poor prediction capabilities [5,7]. Furthermore, the prediction performance of 
conventional modeling tools is further aggravated due to the intrinsically nonlinear cause-
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effect relations in such systems, wherein a large number of influential variables exist and 
interact thereby causing large degrees of freedom and complex input-output correlations.
Because of the highlighted limitations of more conventional modeling tools, as 
mentioned in the above paragraph, a focus has been placed on supervised and 
unsupervised utilizations of machine learning (ML) models for optimization and 
prediction of flotation processes [8-19]. ML models -  if properly trained using high- 
quality datasets -  have ample allure due to their ability to elucidate relationships from 
inherently non-linear relationships between inputs (i.e., experimental process parameters) 
and outputs (e.g., grade and concentration of metals) of the system, but are also able to 
perform predictions in previously untrained data-domains. If the prediction performance 
is excellent, a well-trained ML model can potentially be used to perform optimizations as 
well. ML Process optimization can be performed by generating a database with 
satisfactory number of experiments followed by modeling the physical correlation 
between process parameters and the process performance criteria (outputs). Optimal 
process parameters can be determined thereafter using the created process model which 
in this case will lead to peak process performance [20,21]. For Example, Al-Thyabat used 
artificial neural networks (ANNs) to optimize the flotation performance of a Jordanian 
siliceous phosphate ore by studying the effect of feed mean size, collector dosage, and 
impeller speed on the flotation process efficiency in terms of concentrated grade and 
recovery [22]. The results indicated that optimum flotation conditions were 321.28pm, 
0.7354 kg/t and 1225.25 rpm of feed mean size, collector dosage and impeller speed, 
respectively. In larger scale flotation operations, intelligent models can be created using a 
plant datasets and these models can be implemented in real-time using microcontrollers,
dedicated to monitoring and controlling the input conditions, which ensures that the 
metallurgical performance of the plant is never hampered. However, when applying 
these models for process optimization, it should be kept in mind that these models are 
limited to the particular type of ore being tested. In case of any significant change in 
terms of ore complexity, mineral associations and/or ore variability, the AI models would 
have to be re-trained [9].
Several ML models, in particular artificial neural networks (ANNs), have been 
recently used to predict metallurgical performance of flotation process in various 
applications. Multi-layered ANN and random forests models were used to predict the 
concentrate grade in platinum flotation by analyzing the froth textural features extracted 
from the froth images [2]. The accuracy of predictions produced by the random forest 
model (measured in terms of R2 , the coefficient of determination) was 75.5%, whereas 
the R2  value of the ANN model was 0.82 for the same datasets. Labidi [15] used ANN 
with two hidden layers each comprising of 100 neurons to study the effect of three 
process variables on the flotation kinetics during paper de-inking, and compared the 
results with experimental data collected at laboratory level. Authors concluded that the 
ANN model was able to reproduce the influences of all significant operation variables 
with satisfactory accuracy (R2  ranging from 0.95-0.98) [15]. A cascade-forward NN with 
the back-propagation (BP) algorithm was applied to predict the impact of five operational 
parameters on the flotation performance and the recoveries of coal and ash in the 
presence of Al(OH)3-PAM polymer which served as ash depressants [18,23]. Simulation 
results obtained by ANN model were in good agreement with experimental results 
obtained using a batch flotation process (R2  values were 0.997 and 0.991 for ash and coal
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recoveries, respectively) [14]. Ali et al. used five different machine learning models:
ANN, random forest, adaptive neuro-fuzzy inference system (ANFIS), Mamdani fuzzy 
logic (MFL), and hybrid neural fuzzy inference system (HyFIS) to predict the froth ash 
content and the combustible recovery of fine high-ash coal [9,18]. Authors indicated that 
the performance difference among all models was marginal with the highest R2 value of 
0.92 obtained for MFL model. Mohanty developed an ANN based model for controlling 
the froth layer depth in a laboratory scale coal flotation column by manipulating tailing 
flowrate [17]. The model was found to perform well, with an average absolute error of 
0.054%, 0.048% and 0.051% for the training, validation and test datasets, respectively. 
Qilek used back-propagation ANN to predict the flotation performance of copper ore in 
locked cycle tests [11]. The developed ANN model was used to simulate various circuits’ 
types with a reasonable error (~ 4%). Multi-layered ANN and multivariate non-linear 
regression (MNLR) have been applied to predict the grade and the recovery of copper 
(Cu) and molybdenum (Mo) in a pilot plant flotation column [10,19]. The R2 values 
obtained for Cu grade, Cu recovery, Mo grade, and Mo recovery were 0.92, 0.92, 0.92, 
and 0.89, respectively. The model was also tested at industrial flotation plant using 92 
different datasets collected at different operational conditions and showed good accuracy 
for the prediction of Cu and Mo recoveries and grades with R2 values ranging from 0.92­
0.94 [10]. ANN and adaptive neuro fuzzy interference system (ANFIS) have been used to 
predict the flotation performance of copper sulfide in batch process where five 
metallurgical parameters were tested as inputs. The models showed much better 
prediction performances compared to those obtained from unsupervised statistical
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approaches [12]. The unsupervised statistical approaches were based on semi-empirical 
laws which are data intensive and restrained in scope [24,25].
Based on the above description of ML models developed for froth flotation 
applications, it is clear that majority of the past studies have employed nonlinear 
regression based ML models -  particularly ANN [26] and ANN-based models -  to predict 
various outcomes of laboratory- and commercial-scale froth flotation processes. Despite 
the fact that the ANN-based models generally outperform statistical approaches, it 
should, however, be stated that ANN models often tend to make inaccurate predictions 
for input-outputs with highly nonlinear and/or highly non-monotonic functional 
relationships [27-30] -  as would be the case with froth flotation of polymetallic sulfides. 
Cook et al. [30] recently showed that the hybridization of random forests (RF) with the 
firefly algorithm (FFA) consistently produces more accurate predictions than several 
commonly used ML models (including ANN) -  especially when the dataset consists of 
highly nonlinear and non-monotonic data-domains. The authors attributed the hybrid 
model’s (i.e., RF-FFA’s) superior prediction performance to its main component, that is, 
the random forest model, which has the distinctive capability to process variables 
throughout both monotonic and non-monotonic data-domains [31]. On the basis of our 
literature review, it is apparent that such hybridization of the firefly algorithm with 
random forest has never been used to process froth flotation datasets. Given the model’s 
superior prediction performance, as reported in the prior study [30], it is deemed 
important to examine if the hybrid RF-FFA model would be able to produce high-fidelity 
predictions of froth flotation efficiency in polymetallic sulfide systems.
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I n  t h i s  s t u d y ,  t h e  a f o r e m e n t i o n e d  h y b r i d  R F - F F A  m o d e l  -  d e v e l o p e d  b y  
a s s i m i l a t i n g  t h e  r a n d o m  f o r e s t  m o d e l  a n d  t h e  f i r e f l y  a l g o r i t h m  -  i s  u s e d  t o  p r e d i c t  f r o t h  
f l o t a t i o n  e f f i c i e n c y  o f  g a l e n a  a n d  c h a l c o p y r i t e  ( i . e . ,  g r a d e  a n d  r e c o v e r y  o f  P b  a n d  C u )  i n  
r e l a t i o n  t o  a  n u m b e r  o f  i n f l u e n t i a l  e x p e r i m e n t a l  p r o c e s s  p a r a m e t e r s :  c o l l e c t o r ’ s  d o s a g e  
( s o d i u m  i s o p r o p y l  x a n t h a t e ,  C 4H N a O S 2 ) ;  b r o t h e r ’ s  d o s a g e  ( 4 - m e t h y l - 2 - p e n t a n o l  o r  
M I B C ,  C 6H 14O ) ;  p y r i t e  d e p r e s s a n t ’ s  d o s a g e  ( s o d i u m  c y a n i d e ,  N a C N ) ;  s p h a l e r i t e  
d e p r e s s a n t ’ s  d o s a g e  ( z i n c  s u l f a t e ,  Z n S O 4 ) ;  i m p e l l e r  s p e e d ;  a i r  f l o w - r a t e ;  f l o t a t i o n  t i m e ;  
a n d  p u l p ’ s  p H .  T h e  M L  m o d e l s  u t i l i z e d  i n  t h i s  s t u d y  ( e . g . ,  t h e  h y b r i d  a n d  s t a n d a l o n e  
m o d e l s )  a r e  r a n k e d  b y  m e a n s  o f  f i v e  s t a t i s t i c a l  p a r a m e t e r s  a n d  u l t i m a t e l y  b y  t h e  
c o m p o s i t e  p e r f o r m a n c e  i n d e x  ( C P I )  —  a  u n i f i e d ,  q u a n t i t a t i v e  s u m m a r y  o f  t h e  f i v e  
s t a t i s t i c a l  p a r a m e t e r s .  T h e  o v e r a l l  o u t c o m e  o f  t h e  w o r k  d e m o n s t r a t i o n s  t h e  h y b r i d  
m o d e l ’ s  s u p e r i o r  p e r f o r m a n c e  c o m p a r e d  t o  a l l  s t a n d a l o n e  m o d e l s  i n c l u d e d  i n  t h i s  s t u d y .
1.2. MACHINE LEARNING MODELS
S e c t i o n  1 . 2 . 1 . ,  b e l o w ,  f i v e  s t a n d a l o n e  M L  m o d e l s  —  i n c l u d i n g  t h e  f i r e f l y  
a l g o r i t h m  ( F F A ;  a  c o m p o n e n t  o f  t h e  h y b r i d  M L  m o d e l )  —  a r e  b r i e f l y  p r e s e n t e d ,  w h i l e  
a d d i t i o n a l  s p e c i f i c s  c o n c e r n i n g  t h e  M L  m o d e l s ,  s u c h  a s  p r i n c i p a l  a l g o r i t h m s ,  c a n  b e  
v i e w e d  i n  S u p p o r t i n g  I n f o r m a t i o n  ( s e c t i o n s  S . 1 . 0  -  S . 5 . 0 )  i n  t h e  c o r r e s p o n d i n g  
p u b l i c a t i o n .  T h e  h y b r i d  M L  m o d e l  i s  d e s c r i b e d  i n  s e c t i o n  1 . 2 . 2 .
1.2.1. Standalone ML Models. T h e  f i v e  s t a n d a l o n e  m o d e l s  a r e  a s  f o l l o w s :  
M u l t i l a y e r  p e r c e p t r o n  a r t i f i c i a l  n e u r a l  n e t w o r k ;  s u p p o r t  v e c t o r  m a c h i n e ;  T h e  M 5 P r i m e  
m o d e l  t r e e  a l g o r i t h m ;  r a n d o m  f o r e s t s ;  a n d  t h e  f i r e f l y  a l g o r i t h m .
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• Artificial neural network (ANN) contains numerous neurons, that is, computational 
elements, organized in hierarchical layers, resembling the network of inter­
connected neurons within the human brain [26]. Each neuron is responsible for 
processing and simplifying information received from the preceding neuron layer 
of neurons and communicating the processed information to the next layer of 
neurons [26]. Multilayer perceptron artificial neural network — a subclass of ANN 
— has robust self-learning capabilities due to the model’s structure containing 
multiple neuron layers. [32].
• Support vector machine (SVM) utilizes an optimization scheme to curtail an 
objective cost function, that is, a e-insensitive loss function [33], which is 
comprised of nonlinear kernel function sets (which are able to transform the input 
data from lower- to higher-dimensional feature space, a procedure commonly 
referred to as mapping). Support vector machines can approximate correlations 
between the inputs and output — related in an inherent, nonlinear fashion — of a 
given dataset.
• The M5Prime model tree algorithm is a modified form of the decision-tree model 
that employs a set of logical rules (e.g., binary yes/no criteria, and if/else 
statements) to split the training dataset into multiple sets. The model, subsequently, 
uses multivariate linear functions to develop links between input variables and 
output(s) in each of the split data-domains [34].
• Random forests is an adapted decision tree algorithm that utilizes bootstrap 
aggregation, which unifies both bagging and adaptive nearest neighbors to 
elucidate relationships between inputs and outputs in a dataset. Random forest
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employs two-stage randomization to grow a large number of un-pruned, 
uncorrelated “deep” trees (unlike the M5Prime model tree algorithm, which does 
require pruning) [35,36].
• First developed by Yang [37], the firefly algorithm is a metaheuristic “swarm 
optimization” algorithm [38,39], inspired by the theoretically perfect behavior of 
flashing characteristics of a collection of lightning bugs or fireflies. This study 
employs the firefly algorithm to finetune, and ultimately optimize, the hyper­
parameters of the hybrid RF-FFA model, as described in section 1.2.2.
All ML models briefly detailed in this this section are comprised of hyper­
parameters that require supervision for enhanced prediction performance. For instance, 
multilayer perceptron artificial neural network’s and support vector machines’ require 
supervision for the selection of optimal functions. For the selection of optimal functions 
and hyper-parameters in this work, a 10-fold cross-validation (CV) method [40-42] was 
implemented as the chief technique to asses prediction performance; the 10-fold CV 
method is described in more detail in the following reference [30].
1.2.2. The Hybrid Random Forests — Firefly Algorithm (RF-FFA) Model. As 
described in Section S.4.0 of Supporting Information in the corresponding publication, 
the standalone RF model consists of two hyperparameters: number of leaves per tree 
(ni v ) and number of trees in the forest (nt). Optimizing the two hyper-parameters is of 
great significance in the RF model as it dictates its prediction performance In recent 
publications [30,43], the firefly algorithm was used to compute optimum values of nt and 
niv, all based on the dataset’s volume and nature, and without any user-intervention. In 
both studies, the authors demonstrated that predictions of the hybrid RF-FFA model were
more accurate compared to predictions produced by several standalone ML models 
(including random forest) as well as various ensemble ML models (e.g., voting, grading, 
and stacking based unions of multiple ML models). The authors also argued that this 
method -  of combining the random forest model with the firefly algorithm -  is not only 
easier but also more time-efficient in comparison to the standalone random forest model, 
wherein the two hyper-parameters need to be varied-and-optimized by the user through 
time-consuming methods such as cross-validation or trial-and-error based approaches.
In the current study, the hybrid RF-FFA model consists of three stages of data 
processing. The random forest model is used in stage I, wherein the values of nt and niv 
are set at 450 and 5, respectively; this is followed by the use of the firefly algorithm in 
stage II, as described in steps below:
• An objective function, F, — a numerical value equivalent to the total root mean squared 
error of random forest model’s predictions —, as estimated at the end of stage I, is 
defined.
• The firefly algorithm is implemented (see Supporting Information in the corresponding 
publication for more details) to vary-and-optimize nt and niv values so that the 
objective function, F, continually decreases. Here, after termination of every iteration 
of the firefly algorithm, the random forest model is employed to update predictions 
(i.e., outputs) on the bases of the latest values of nt and niv, that is, the two hyper­
parameters. After predictions are updated, the RMSE is evaluated again and updated 
for the next iteration.
• The objective function, F, is assumed to reach its global minimum when its value 
deviates by fewer than 10-6 units between 3 consecutive iterations. When the criterion
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i s  s a t i s f i e d ,  t h e  c o r r e s p o n d i n g  nt a n d  niv  v a l u e s  a r e  d e t e r m i n e d  t o  b e  t h e  f i n a l ,  o p t i m u m  
v a l u e s .
L a s t l y ,  i n  s t a g e  I I I ,  p r e d i c t i o n s  a r e  m a d e  a l o n g s i d e  n e w  t e s t  d a t a s e t ( s )  b y  
i n c o r p o r a t i n g  t h e  o p t i m u m  f i r e f l y  a l g o r i t h m  - f o u n d  nt a n d  niv  v a l u e s  i n  t h e  r a n d o m  f o r e s t  
p o r t i o n  o f  t h e  h y b r i d  m o d e l .
2. MATERIALS AND PHYSICAL EXPERIMENTS
2.1. MATERIALS
S u l f i d e  o r e  s a m p l e s  o f  M i s s i s s i p p i  v a l l e y  t y p e  ( M V T )  w e r e  o b t a i n e d  f r o m  a  m i n e  
l o c a t e d  i n  N o r t h  A m e r i c a .  T h e  s u l f i d e  o r e  s a m p l e s  w e r e  c o m p r i s e d  o f  g a l e n a  ( P b S ) ,  
s p h a l e r i t e  ( Z n S ) ,  p y r i t e  ( F e S 2 ) ,  c h a l c o p y r i t e  ( C u F e S 2 ) ,  a n d  d o l o m i t e  ( C a M g ( C O 3 ) 2 ) .  
S i l i c a t e  m i n e r a l s  s u c h  a s  q u a r t z ,  m u s c o v i t e ,  a n d  K - F e l d s p a r  w e r e  a l s o  p r e s e n t  i n  t r a c e  
a m o u n t s .  H y d r o c h l o r i c  a c i d  a n d  s o d i u m  h y d r o x i d e  w e r e  u s e d  t o  a d j u s t  t h e  p H  o f  t h e  
f l o t a t i o n  p u l p .  S o d i u m  i s o p r o p y l  x a n t h a t e  ( C 4H N a O S 2 ) ,  s o d i u m  c y a n i d e  ( N a C N )  a n d  
z i n c  s u l f a t e  ( Z n S O 4 )  w e r e  p u r c h a s e d  f r o m  F i s h e r  S c i e n t i f i c ,  U S A .  4 - M e t h y l - 2 - p e n t a n o l  
( C 6H 14O ,  M I B C )  w a s  o b t a i n e d  f r o m  A C R O S ,  U S A  I n c .  A l l  f l o t a t i o n  e x p e r i m e n t s  w e r e  
p e r f o r m e d  u s i n g  t a p  w a t e r .
D u e  t o  t h e  h i g h  d e g r e e  o f  i n t e r l o c k i n g  a n d  f i n e  d i s s e m i n a t i o n  o f  b a s e  m e t a l  
s u l f i d e s  w i t h  o t h e r  m i n e r a l s  [ 4 4 ] ,  t h e  e n r i c h m e n t  p r o c e s s  r e q u i r e s  e x c e s s i v e  c r u s h i n g  a n d  
g r i n d i n g  t o  l i b e r a t e  t h e  v a l u a b l e  s u l f i d e  g r a i n s .  S u l f i d e  o r e  s a m p l e s  w e r e  c r u s h e d  i n  t w o  
s t a g e s .  I n  t h e  f i r s t  s t a g e ,  a  l a b o r a t o r y - s c a l e  j a w  c r u s h e r  w a s  u s e d  t o  c r u s h  t h e  l a r g e  
s a m p l e s  o f  o r e .  I n  t h e  s e c o n d  s t a g e ,  a  c o n e  c r u s h e r  w a s  u s e d  a s  a  s e c o n d a r y  c r u s h e r  t o
f u r t h e r  r e d u c e  t h e  o r e  s i z e .  H o m o g e n i z e d  s a m p l e s  f r o m  t h e  c r u s h e d  o r e  w e r e  s t o r e d  i n  
a i r t i g h t  b a g s  a t  - 1 0 o C  t o  a v o i d  o x i d a t i o n .  P r i o r  t o  f l o t a t i o n  t e s t s ,  s a m p l e s  w e r e  d r y  g r o u n d  
f o r  a p p r o x i m a t e l y  2 0  m i n u t e s  i n  a  b a t c h  r o d  m i l l .
2.2. CHARACTERIZATION OF FLOTATION FEED
I n  o r d e r  t o  d e t e r m i n e  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  t h e  f l o t a t i o n  f e e d ,  s c r e e n s  o f  
7 4 ,  6 2 ,  5 3 ,  4 4 ,  a n d  3 7  p m  w e r e  u s e d .  T h e  s i e v i n g  p r o c e s s  w a s  p e r f o r m e d  a s  p e r  t h e  
p r o t o c o l s  d e f i n e d  b y  t h e  A m e r i c a n  S o c i e t y  f o r  T e s t i n g  a n d  M a t e r i a l s  ( A S T M ) .  T h e  
c o m p o s i t e  p a r t i c l e  s i z e  d i s t r i b u t i o n  a s  d e t e r m i n e d  b y  s i e v e  a n a l y s i s  i s  p r o v i d e d  i n  t h e  
s u p p o r t i n g  i n f o r m a t i o n  ( F i g u r e  S . 1 )  i n  t h e  c o r r e s p o n d i n g  p u b l i c a t i o n .  T h e  8 0 %  p a s s i n g  
s i z e  ( ? 8 o )  o f  t h e  f l o t a t i o n  f e e d  w a s  ~ 6 0  p m .
T h e  m i n e r a l o g i c a l  c o m p o s i t i o n  o f  t h e  f l o t a t i o n  f e e d  w a s  d e t e r m i n e d  b y  M i n e r a l  
L i b e r a t i o n  A n a l y s i s  ( M L A ) .  T h e  f l o t a t i o n  f e e d  c o n t a i n e d  h i g h  a m o u n t s  o f  m e t a l  s u l f i d e s :  
g a l e n a ,  s p h a l e r i t e ,  p y r i t e ,  a n d  c h a l c o p y r i t e .  T h e  f e e d  w a s  a l s o  f o u n d  t o  c o n t a i n  d o l o m i t e  
a s  a  m a j o r  g a n g u e  m i n e r a l  ( >  7 0  %  o f  t h e  f e e d ) .  O t h e r  g a n g u e  m i n e r a l s  s u c h  a s  q u a r t z ,  
m u s c o v i t e ,  a n d  K - F e l d s p a r  w e r e  p r e s e n t  i n  t r a c e  a m o u n t s .  F i g u r e  1 a  s h o w s  a n  i m a g e  o f  
m i n e r a l  a s s o c i a t i o n  i n  t h e  f l o t a t i o n  f e e d  o b t a i n e d  f r o m  M L A  a n a l y s i s .  T h e  p r e s e n t a t i o n s  
o f  t h e  m i n e r a l o g i c a l  c o m p o s i t i o n  i n  d i f f e r e n t  s i z e  f r a c t i o n s  o f  t h e  f l o t a t i o n  f e e d  i s  s h o w n  
i n  F i g u r e  1 b  a n d  T a b l e  S . 1  ( s e e  S u p p o r t i n g  I n f o r m a t i o n  i n  t h e  c o r r e s p o n d i n g  
p u b l i c a t i o n ) .
T h e  t o t a l  c o n c e n t r a t i o n  o f  l e a d  ( P b ) ,  c o p p e r  ( C u ) ,  z i n c  ( Z n ) ,  a n d  i r o n  ( F e )  m e t a l s  
c o n t a i n e d  i n  g a l e n a ,  c h a l c o p y r i t e ,  s p h a l e r i t e ,  a n d  p y r i t e ,  r e s p e c t i v e l y ,  w a s  d e t e r m i n e d  
u s i n g  I n d u c t i v e l y  C o u p l e d  P l a s m a  O p t i c a l  E m i s s i o n  S p e c t r o m e t e r  I C P - O E S  ( T h e r m o
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F is h e r  IC P /O E S  iC A P 6 0 0 0  se rie s)  a f te r  a  c o m p le te  sa m p le  d is s o lu tio n  b y  m ix e d  ac id  
d ig e s t io n  (H C l a n d  H N O 3). R e s u lts  o f  e le m e n ta l a n a ly s is  y ie ld e d  fe e d  to  c o n ta in  5 w t%  











F ig u re  1. (a )  M L A  im a g e  s h o w in g  m in e ra l a s so c ia tio n  in  th e  f lo ta tio n  fe e d  a n d  (b ) 
M in e ra lo g ic a l  c o m p o s itio n  o f  su lf id e s -c o n ta in in g  f lo ta tio n  fe e d  in  d if fe re n t  s ize
fra c tio n s .
2.3. BATCH FLOTATION EXPERIMENTS
A  to ta l  o f  66  se ts  o f  e x p e rim e n ts  w e re  d e s ig n e d  u s in g  B o x -B e h n k e n  d e s ig n  
(B B D ). T h is  m e th o d  is  a  c la s s  o f  s e c o n d  o rd e r  ro ta ta b le  d e s ig n  b a s e d  o n  th re e  lev e l 
in c o m p le te  fa c to ria l  d e s ig n . M o re  d e ta ils  a b o u t th e  d e s ig n  c a n  b e  fo u n d  in  [7]. T h is  
m e th o d  w a s  c h o se n  b e c a u s e  i t  is  k n o w n  to  b e  th e  m o s t  e ff ic ie n t d e s ig n  as i t  a v o id s  
c o m b in a tio n s  w h e re  fa c to rs  a re  a t th e  h ig h e s t  o r  lo w e s t  le v e ls  c o n c u rre n tly  [45]. T h is  
sp e c if ic  d e s ig n  is  a d v a n ta g e o u s  as  i t  d o e s  n o t  re q u ire  a  la rg e  se t o f  e x p e rim e n ts  h e n c e  
sa v in g  t im e  a n d  a lso  h a s  th e  c a p a b ili ty  o f  re v e a lin g  th e  o p tim u m  c o n d itio n s  o f  th e  fa c to rs  
b e in g  s tu d ie d  [46].
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T o  s i m u l a t e  i n d u s t r i a l  p r o c e d u r e s  o f  f r o t h  f l o t a t i o n  p r o c e s s  o f  M V T  s u l f i d e  o r e s ,  
g a l e n a  a n d  c h a l c o p y r i t e  w e r e  a l l o w e d  t o  f l o a t  t o g e t h e r  a s  a  “ b u l k ”  c o n c e n t r a t e ,  w h i l e  
o t h e r  s u l f i d e  m i n e r a l s  w e r e  d e p r e s s e d .  T h e  d e p r e s s a n t s  u s e d  i n c l u d e  s o d i u m  c y a n i d e  
( N a C N )  a n d  z i n c  s u l f a t e  ( Z n S O 4 )  w h i c h  w e r e  u s e d  t o  d e p r e s s  t h e  f l o t a t i o n  o f  p y r i t e  a n d  
s p h a l e r i t e ,  r e s p e c t i v e l y  ( a s  p e r  i n d u s t r i a l  a p p l i c a t i o n ) .
A l l  f l o t a t i o n  t e s t s  w e r e  c o n d u c t e d  i n  a  D e n v e r  f l o t a t i o n  c e l l  w i t h  a n  i m p e l l e r  
d i a m e t e r  o f  3 . 8 8  i n ,  a n d  a  1 - L  f l o t a t i o n  t a n k .  I n  a l l  t h e  e x p e r i m e n t s ,  s o l i d s  c o n c e n t r a t i o n  
w a s  k e p t  a t  4 5  w t %  i n  t a p  w a t e r .  O t h e r  p a r a m e t e r s  s u c h  a s  c o l l e c t o r ’ s  d o s a g e ,  
d e p r e s s a n t s ’  d o s a g e s ,  f r o t h e r ’ s  d o s a g e ,  i m p e l l e r ’ s  s p e e d ,  f l o t a t i o n  t i m e ,  p u l p ’ s  p H ,  a n d  
a i r  f l o w r a t e  w e r e  v a r i e d .  T h e  e x p e r i m e n t a l  d a t a s e t s  c o l l e c t e d  a r e  s h o w n  i n  T a b l e  S . 2  ( s e e  
S u p p o r t i n g  I n f o r m a t i o n  i n  t h e  c o r r e s p o n d i n g  p u b l i c a t i o n ) .  T h e  d e p r e s s a n t s  w e r e  a d d e d  
f i r s t  f o l l o w e d  b y  t h e  c o l l e c t o r  ( s o d i u m  i s o p r o p y l  x a n t h a t e )  t h e n  t h e  f r o t h e r  ( M I B C )  w h i c h  
w a s  a d d e d  l a s t l y  . R e a g e n t s  w e r e  g i v e n  a  2 - 3 - m i n u t e  c o n d i t i o n i n g  t i m e .  A f t e r  t h e  
a s s i g n e d  f l o t a t i o n  t i m e  w a s  r e a c h e d ,  t h e  c o n c e n t r a t e  ( f r o t h )  a n d  t a i l i n g  p r o d u c t s  w e r e  
c o l l e c t e d ,  d r i e d ,  w e i g h e d  a n d  a s s a y e d  f o r  l e a d  ( P b )  a n d  c o p p e r  ( C u )  m e t a l s .  M e t a l  
r e c o v e r i e s  w e r e  c a l c u l a t e d  u s i n g  d r y  w e i g h t s  o f  c o n c e n t r a t e  a n d  t a i l i n g  p r o d u c t s  u s i n g  
E q u a t i o n  1 ,  w h e r e  C  a n d  T  a r e  d r y  w e i g h t s  o f  t h e  c o n c e n t r a t e  a n d  t a i l i n g  p r o d u c t s ,  
r e s p e c t i v e l y ;  c a n d  t a r e  w t %  o f  m e t a l s  i n  c o n c e n t r a t e s  a n d  t a i l i n g s ,  r e s p e c t i v e l y .  T h e  
v a l u e s  o f  c a n d  t w e r e  d e t e r m i n e d  u s i n g  I C P - O E S .
Recovery (R)  = C cCc + Tt * 1 0 0
(1)
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3. DATABASE DEVELOPMENT AND EVALUATION OF ML MODEL 
PREDICTION PERFORMANCE
3.1. DATABASE DEVELOPMENT
D a t a  g e n e r a t e d  f r o m  l a b o r a t o r y  t e s t s  ( d e s c r i b e d  i n  s e c t i o n  2 . 3 )  w e r e  c o m p i l e d  i n t o  
a  d a t a b a s e  a n d  u s e d  f o r  t r a i n i n g  t h e  M L  m o d e l s  ( d e s c r i b e d  i n  s e c t i o n  1 . 2 .  a n d  i n  
S u p p o r t i n g  I n f o r m a t i o n  i n  t h e  c o r r e s p o n d i n g  p u b l i c a t i o n )  a n d  t e s t i n g  t h e i r  p r e d i c t i o n  
p e r f o r m a n c e .  T h e  d a t a b a s e  c o n s i s t s  o f  6 6  d i s t i n c t  d a t a - r e c o r d s ,  f e a t u r i n g  e i g h t  p r o c e s s  
p a r a m e t e r s  o f  f r o t h  f l o t a t i o n  e x p e r i m e n t s  a n d  t h e i r  r e s p e c t i v e  e f f i c i e n c i e s  ( i . e . ,  g r a d e s  a n d  
r e c o v e r y  o f  P b  a n d  C u ) .  I n  e a c h  d a t a - r e c o r d  o f  t h e  d a t a b a s e ,  t h e r e  a r e :  ( i )  8  i n p u t  
v a r i a b l e s  -  d o s a g e s  o f  s o d i u m  i s o p r o p y l  x a n t h a t e  ( g .  t o n - 1 ) ,  M I B C  ( g .  t o n - 1 ) ,  N a C N  ( g .  
t o n - 1 )  a n d  Z n S O 4  ( g .  t o n - 1 ) ;  a i r  f l o w - r a t e  ( L .  m i n - 1 ) ;  i m p e l l e r  s p e e d  ( r p m ) ;  p H  ( U n i t l e s s ) ;  
a n d  f l o t a t i o n  t i m e  ( m i n ) ;  a n d  ( i i )  4  o u t p u t s  -  P b - g r a d e  ( w t % ) ;  P b - r e c o v e r y  ( % ) ;  C u - g r a d e
T a b l e  1 .  S t a t i s t i c a l  p a r a m e t e r s  r e l e v a n t  t o  t h e  1 2  a t t r i b u t e s  ( 8  i n p u t s  a n d  4  o u t p u t s )  o f  t h e  
d a t a b a s e .  T h e  d a t a b a s e  c o m p r i s e s  o f  6 6  d a t a - r e c o r d s ,  e a c h  o f  w h i c h  a r e  d i s t i n c t  f r o m  t h e
r e s t .
A t t r i b u t e M i n i m u m M a x i m u m M e a n S t a n d a r d
D e v i a t i o n
S o d i u m  I P X  [ g .  t o n - 1 ] 1 0 0 . 0 0 4 5 0 . 0 0 2 8 5 . 6 1 1 1 4 . 3 6
M I B C  [ g .  t o n - 1 ] 5 0 . 0 0 0 3 5 0 . 0 0 1 9 0 . 9 1 9 8 . 0 2 2
N a C N  [ g .  t o n - 1 ] 5 . 0 0 0 0 1 0 0 . 0 0 5 2 . 5 0 0 2 8 . 8 6 3
Z n S O 4  [ g .  t o n - 1 ] 2 0 0 . 0 0 7 0 0 . 0 0 4 6 5 . 1 5 2 1 6 3 . 3 7
A i r  F l o w - R a t e  [  L .  m i n - 1 ] 3 . 0 0 0 0 9 . 0 0 0 0 6 . 0 0 0 0 1 . 8 2 3 0
I m p e l l e r  S p e e d  [ R P M ] 8 0 0 . 0 0 1 8 0 0 . 0 1 3 0 0 . 0 3 0 3 . 8 2
p H  [ u n i t l e s s ] 6 . 0 0 0 0 1 2 . 0 0 0 8 . 0 6 2 0 . 6 0 9 0
F l o t a t i o n  T i m e  [ s e c ] 2 . 0 0 0 0 8 . 0 0 0 0 5 . 0 0 0 0 1 . 8 2 3 0
P b - G r a d e  [ w t % ] 1 3 . 0 2 0 5 6 . 4 8 0 2 5 . 8 8 5 8 . 1 5 6 0
P b - R e c o v e r y  [ % ] 1 9 . 2 6 0 9 8 . 9 4 0 5 9 . 2 5 1 1 9 . 6 1 3
C u - G r a d e  [ w t  % ] 0 . 0 4 0 0 8 . 3 4 0 0 2 . 7 8 2 0 1 . 2 5 9 0
(w t% ); a n d  C u -re c o v e ry  (% ). S ta tis tic a l p a ra m e te rs  re le v a n t  to  th e  d a ta - re c o rd s  a re  
e n u m e ra te d  in  T a b le  1. D u r in g  tra in in g  a n d  te s t in g  o f  th e  M L  m o d e ls , i t  w a s  a s su m e d  
th a t  th a t  all fo u r  o u tp u ts  a re  in d e p e n d e n t o f  e a c h  o th e r, a lb e it  e a c h  o f  th e  o u tp u ts  a re  
e x p e c te d  to  b e  c o rre la te d  w ith  -  a n d  in f lu e n c e d  b y  -  a ll in p u t  v a r ia b le s . T h e re fo re , fo r  
e a c h  o f  th e  4  o u tp u ts , th e  M L  m o d e ls  w e re  tra in e d  (u s in g  all 8 in p u t  v a r ia b le s )  a n d  te s te d  
se p a ra te ly .
3.2. EVALUATION OF ML MODELS PREDICTION PERFORMANCE
T h e  e x p e rim e n ta l d a ta b a se  (d e s c r ib e d  in  S e c tio n  3 .1 .)  w a s  ra n d o m ly  a llo c a te d  
in to  tw o  d a ta se ts , th a t  is , 7 5 %  o f  d a ta - re c o rd s  o f  th e  p a re n t  d a ta b a se  w a s  a llo c a te d  to  th e  
t ra in in g  set, w h e re in  fu n c tio n s  a n d  h y p e r-p a ra m e te rs  w e re  o p tim iz e d , w h ile  th e  
r e m a in in g  2 5 %  o f  th e  d a ta - re c o rd s  w e re  e m p lo y e d  fo r  te s t in g  p re d ic tio n  p e rfo rm a n c e .
T h e  7 5 % -to -2 5 %  d a ta  p a r t i tio n  o f  th e  p a re n t  d a ta b a se  h a s  b e e n  u s e d  in  p a s t  s tu d ie s  
[3 0 ,4 0 ,4 7 ,4 8 ]  fo r  t ra in in g  a n d  te s t in g  o f  th e  M L  m o d e ls . D a ta  p a r t i t io n in g  w a s  d o n e  
ra n d o m ly , b u t  su ch  th a t  c a re  w a s  ta k e n  to  e n su re  th a t  th e  tra in in g  d a ta se t w a s  
re p re s e n ta tiv e  o f  th e  p a re n t  d a ta b a se .
F iv e  d is t in c t  s ta tis tic a l p a ra m e te rs  w e re  o b ta in e d  th ro u g h  a p p ra is a ls  o f  th e  m o d e ls ’ 
p re d ic tio n s  a g a in s t  a c tu a l v a lu e s  to  q u a n ti ta t iv e ly  a s se s s  M L  m o d e l p e rfo rm a n c e . T h e  
fo llo w in g  a re  th e  f iv e  p a ra m e te rs :  c o e ff ic ie n t  o f  d e te rm in a tio n  (R 2); P e rso n  c o rre la tio n  
c o e ff ic ie n t  (R ); m e a n  a b s o lu te  p e rc e n ta g e  e rro r  (M A P E ); m e a n  a b s o lu te  e r ro r  (M A E )); 
a n d  ro o t  m e a n  sq u a re d  e r ro r  (R M S E ). T h e  c a lc u la t io n  d e ta ils  fo r  th e  f iv e  p a ra m e te rs  a re  
d e s c r ib e d  in  th is  r e fe re n c e  [30]. T h e  re s u ltin g  v a lu e s  o f  th e  f iv e  s ta tis tic a l p a ra m e te rs , 
w e re  a m a lg a m a te d  in to  a  s ix th  p a ra m e te r , th a t  is, th e  c o m p o s ite  p e rfo rm a n c e  in d e x  (C P I)
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[ 3 0 , 4 0 , 4 9 ] .  T h e  p u r p o s e  o f  t h e  C P I  p a r a m e t e r  i s  t o  o b t a i n  a  s i n g u l a r ,  u n i f i e d  v a l u e  t o  
a s s e s s  a n d  t h e n  r a n k  ( f r o m  b e s t  t o  w o r s t )  e a c h  M L  m o d e l ’ s  p e r f o r m a n c e .
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4. RESULTS AND DISCUSSION
4.1. BULK FLOTATION OF GALENA AND CHALCOPYRITE
I n  i n d u s t r i a l  o p e r a t i o n s ,  t w o  f l o t a t i o n  p r a c t i c e s  h a v e  b e e n  a d o p t e d  t o  s e p a r a t e  b a s e  
m e t a l  s u l f i d e s :  s e q u e n t i a l  ( o r  s e l e c t i v e )  f l o t a t i o n  a n d  b u l k  f l o t a t i o n .  I n  s e q u e n t i a l  
f l o t a t i o n ,  e a c h  s u l f i d e  m i n e r a l  i s  f l o a t e d  s e p a r a t e l y  w h e r e a s  i n  t h e  b u l k  f l o t a t i o n ,  g a l e n a  
( P b S )  a n d  c h a l c o p y r i t e  ( C u F e S 2 )  a r e  f l o a t e d  t o g e t h e r  i n  t h e  f i r s t  s t a g e  f o l l o w e d  b y  s e v e r a l  
c l e a n i n g  s t a g e s  t o  s e p a r a t e  g a l e n a  f r o m  c h a l c o p y r i t e .  S i n c e  b u l k  f l o t a t i o n  i s  t h e  m o s t  
w i d e l y  u s e d  p r a c t i c e  f o r  t h e  e n r i c h m e n t  o f  M i s s i s s i p p i  v a l l e y  t y p e  ( M V T )  s u l f i d e s  ( u s e d  
i n  t h i s  w o r k ) ,  b u l k  f l o t a t i o n  p r o c e d u r e s  w e r e  f o l l o w e d  i n  t h i s  s t u d y  t o  f l o a t  g a l e n a  a n d  
c h a l c o p y r i t e  t o g e t h e r  w h i l e  d e p r e s s i n g  s u l f i d e  m i n e r a l s  i n c l u d i n g  s p h a l e r i t e  ( Z n S )  a n d  
p y r i t e  ( F e S 2 ) .  A s  s t a t e d  i n  s e c t i o n  2 . 3 . ,  a  t o t a l  6 6  s e t s  o f  e x p e r i m e n t s  w e r e  d e s i g n e d  u s i n g  
t h e  B o x - B e h n k e n  d e s i g n  ( B B D )  m e t h o d .  I n  t h e s e  t e s t s ,  d i f f e r e n t  c o m b i n a t i o n s  o f  
c o l l e c t o r ’ s  ( s o d i u m  i s o p r o p y l  x a n t h a t e )  d o s a g e ,  f r o t h e r ’ s  ( M I B C )  d o s a g e ,  p y r i t e ’ s  
d e p r e s s a n t  ( N a C N )  d o s a g e ,  s p h a l e r i t e ’ s  d e p r e s s a n t  ( Z n S O 4 )  d o s a g e ,  a i r  f l o w r a t e ,  
i m p e l l e r ’ s  s p e e d ,  f l o t a t i o n  t i m e ,  a n d  p u l p ’ s  p H  w e r e  t e s t e d  a s  i n p u t  v a r i a b l e s .  F l o t a t i o n  
p r o c e s s  e f f i c i e n c y  i n  t e r m s  o f  m e t a l  r e c o v e r i e s  a n d  c o n c e n t r a t e  g r a d e s  ( w t %  o f  m e t a l  i n  
c o n c e n t r a t e )  o f  l e a d  ( P b )  a n d  c o p p e r  ( C u )  w e r e  u s e d  a s  r e s p o n s e  v a r i a b l e s  ( o u t p u t s ) .  A s  
i n d i c a t e d  f r o m  t h e  g r a d e  a n d  r e c o v e r y  r e s u l t s  s h o w n  i n  T a b l e  S . 2 ,  i t  i s  h a r d  t o  p r e d i c t  t h e  
f l o t a t i o n  b e h a v i o r  o f  c h a l c o p y r i t e  a n d  g a l e n a  w h e n  d i v e r s e  a n d  i n t e r d e p e n d e n t  v a r i a b l e s
a r e  i n v o l v e d .  T h e  f l o t a t i o n  e f f i c i e n c y  h e r e  i s  a  c o m p l e x  a n d  n o n l i n e a r  f u n c t i o n  o f  t h e s e  
v a r i a b l e s .  F o r  e x a m p l e ,  w h e n  p r o c e s s  v a r i a b l e s  ( e . g . ,  p H  o f  t h e  f l o t a t i o n  p u l p  a n d  p y r i t e ’ s  
d e p r e s s a n t  d o s a g e )  c h a n g e ,  t h e  f l o t a t i o n  r e c o v e r i e s  a n d  c o n c e n t r a t e  g r a d e s  o f  P b  a n d  C u  
f l u c t u a t e  w i t h  n o  r e g u l a r  p a t t e r n  ( F i g u r e  2 a  a n d  2 b ) .  A s  d e p i c t e d  i n  F i g u r e  2 a ,  P b  
r e c o v e r y  d e c r e a s e d  f r o m  ~  5 8 %  t o  4 2 %  w h e n  t h e  p u l p ’ s  p H  i n c r e a s e d  f r o m  6  t o  8 .  A t  p H  
1 0 ,  P b  r e c o v e r y  i n c r e a s e d  t o  5 0 %  a n d  w i t h  f u r t h e r  i n c r e a s e  i n  p u l p ’ s  p H  t o  1 2 ,  P b  
r e c o v e r y  s h a r p l y  i n c r e a s e d  t o  8 9 % .  S i m i l a r  b e h a v i o r  w a s  o b s e r v e d  f o r  C u  w h e r e  t h e  
r e c o v e r y  i n c r e a s e d  f r o m  3 8 %  t o  6 0 %  b y  i n c r e a s i n g  t h e  p H  f r o m  6  t o  8 .  A  s h a r p  d r o p  i n  
C u  r e c o v e r y  t o  2 0 %  o c c u r r e d  a t  p H  1 0  t h e n  t h e  r e c o v e r y  i n c r e a s e d  t o  4 0 %  a t  p H  1 2 .
W h e n  m e t a l  r e c o v e r i e s  w e r e  p l o t t e d  a s  a  f u n c t i o n  o f  p y r i t e  d e p r e s s a n t ’ s  d o s a g e ,  u n u s u a l  
t r e n d s  i n  f l o t a t i o n  b e h a v i o r  w e r e  a l s o  o b v i o u s  f o r  b o t h  C u  a n d  P b  a s  i l l u s t r a t e d  i n  F i g u r e  
2 b  [ 7 ] .
R e s p o n s e  s u r f a c e  m e t h o d o l o g y  ( R S M ) ,  a  s t a t i s t i c a l  m o d e l i n g  t e c h n i q u e ,  w a s  u s e d  
t o  m o d e l  t h e  b u l k  f l o t a t i o n  p r o c e s s  o f  g a l e n a  a n d  c h a l c o p y r i t e  i n  r e a l  m e t a l  s u l f i d e  s y s t e m  
( s h o w n  i n  F i g u r e  2 )  o f  M V T  t y p e  [ 7 ] .  I n  t h a t  s t u d y ,  6 2  s e t s  o f  e x p e r i m e n t s  w e r e  
c o n d u c t e d  w h e r e  s e v e n  c o n t r o l  p r o c e s s  p a r a m e t e r s  w e r e  v a r i e d  e x c l u d i n g  t h e  p u l p ’ s  p H  
w h i c h  w a s  f i x e d  a t  8 .  D e t a i l s  a b o u t  t h i s  s t u d y  a n d  t h e  m o d e l i n g  m e t h o d o l o g y  u s e d  -  i n  
t e r m s  o f  e x p e r i m e n t a l  d e s i g n  a n d  v a r i a b l e  l e v e l s ,  a n a l y s i s  o f  v a r i a n c e  ( A N O V A )  a n d  
q u a d r a t i c s  e q u a t i o n s  d e v e l o p e d  f o r  r e s p o n s e  v a r i a b l e s  (  i . e .  P b ,  C u ,  Z n ,  a n d  F e  r e c o v e r i e s  
a n d  g r a d e s )  -  c a n  b e  f o u n d  e l s e w h e r e  [ 7 ] .  R e s u l t s  o f  t h e  S R M  w o r k  s h o w e d  a  p o o r  
a g r e e m e n t  ( R 2  =  8 5 % )  b e t w e e n  t h e  p r e d i c t e d  v a l u e s  o b t a i n e d  f r o m  t h e  d e r i v e d  e q u a t i o n s  
a n d  t h e  a c t u a l  v a l u e s  o b t a i n e d  f r o m  f l o t a t i o n  e x p e r i m e n t s .  S a m e  d a t a s e t s  d e s c r i b e d  
a b o v e  w e r e  p r o c e s s e d  u s i n g  s t a n d a l o n e  m a c h i n e  l e a r n i n g  ( M L )  m o d e l s :  a r t i f i c i a l  n e u r a l
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n e t w o r k s  ( A N N ) ,  a d a p t i v e  n e u r o - f u z z y  i n f e r e n c e  s y s t e m  ( A N F I S ) ,  M a m d a n i  f u z z y  l o g i c  
( M F L )  a n d  a  h y b r i d  n e u r a l  f u z z y  i n f e r e n c e  s y s t e m  ( H y F I S ) .  T h e  M L  m o d e l s  p r o d u c e d  
r e a s o n a b l y  a c c u r a t e  p r e d i c t i o n s ,  w h e r e i n  R 2  r a n g e d  b e t w e e n  8 7 - a n d - 9 1 %  [ 7 ] .
In itia l P u lp  pH C o n ce n tra t io n  o f P y r ite 's  D ep re ssan t (g/t)
( a )  ( b )
F i g u r e  2 .  I n f l u e n c e  o f  p r o c e s s  v a r i a b l e s  o n  t h e  f l o t a t i o n  b e h a v i o r  o f  g a l e n a  a n d  
c h a l c o p y r i t e  f r o m  a  c o m p l e x  s u l f i d e  o r e  o f  M V T  ( a ) *  e f f e c t  o f  p u l p ’ s  p H  a n d  ( b ) |  
E f f e c t  o f  p y r i t e ’ s  d e p r e s s a n t  d o s a g e .  ( H e r e ,  z i n c  s u l f a t e  ( z i n c  d e p r e s s a n t )  =  7 0 0  g / t ;  
s o d i u m  i s o p r o p y l  x a n t h a t e  ( c o l l e c t o r )  =  4 5 0 g / t ;  4 - M e t h y l - 2 - p e n t a n o l  ( f r o t h e r )  =  5 0  g / t ,  
u s i n g  4 5 %  s o l i d s ,  f l o t a t i o n  t i m e  =  5  m i n u t e s ;  a i r  f l o w - r a t e  =  6  l / m i n ;  a n d  i m p e l l e r  
s p e e d  =  1 3 0 0 r p m .  * p y r i t e ’ s  d e p r e s s a n t  d o s a g e  =  5 0  g / t ;  | p H  =  8 . ) .  g / t  =  g r a m s  o f
r e a g e n t  p e r  t o n  o f  o r e .
M o t i v a t e d  b y  t h e  s i g n i f i c a n t  e c o n o m i c  i m p o r t a n c e  o f  m o d e l i n g  t h e  f l o t a t i o n  
p r o c e s s  o f  s u l f i d e  o r e s  a n d  t h e  p o o r  p r e d i c t i o n  c a p a b i l i t i e s  o f  t h e  c l a s s i c a l  a n d  i n t e l l i g e n t  
m o d e l s  d e v e l o p e d  f o r  t h e  s a m e  t y p e  o f  o r e  ( M V T ) ,  e x p e r i m e n t a l  d a t a s e t s  o b t a i n e d  f o r  t h e  
b u l k  f l o t a t i o n  p r o c e s s  o f  M V T  s u l f i d e s  ( T a b l e  S . 2 )  w e r e  f u r t h e r  p r o c e s s e d  u s i n g  M L  
m o d e l s  d e s c r i b e d  i n  s e c t i o n  1 . 2 . .  T h e  r e s u l t s  a n d  c o m p a r i s o n  o f  p r e d i c t i o n  p e r f o r m a n c e s  
o f  v a r i o u s  M L  m o d e l s  u s e d  i n  t h i s  s t u d y  a r e  d i s c u s s e d  i n  S e c t i o n  4 . 2 .
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4.2. PREDICTIONS: MACHINE LEARNING MODELS
A s s ta te d  p re v io u s ly , d u r in g  t ra in in g  a n d  te s t in g  o f  th e  M L  m o d e ls , i t  w a s  
a s su m e d  th a t  th a t  all fo u r  o u tp u ts  a re  in d e p e n d e n t o f  e a c h  o th e r; n o tw ith s ta n d in g , i t  is  
a c k n o w le d g e d  th a t  e a c h  o u tp u t  is  c o rre la te d  w ith  -  a n d  in f lu e n c e d  b y  -  a ll in p u t 
v a r ia b le s . T h e re fo re , f o r  e a c h  o f  th e  4  o u tp u ts , th e  M L  m o d e ls  w e re  t ra in e d  se p a ra te ly  
(u s in g  all 8 in p u t  v a r ia b le s )  a n d  th e n  te s te d  se p a ra te ly .
T h e  p re d ic tio n s  o f  P b -g ra d e , P b - re c o v e ry , C u -g ra d e , a n d  C u -re c o v e ry  ( fro m  th e  
te s t  se t o f  th e  p a re n t  d a ta b a se , d e s c r ib e d  in  se c tio n  3 .1 ), as  y ie ld e d  b y  th e  M L  m o d e ls , a re  
d e m o n s tra te d  in  F ig u re s  3, 4 , 5, a n d  6, re sp e c tiv e ly . S ta tis tic a l e rro rs  p e r ta in in g  to  
p re d ic tio n s  o f  P b -g ra d e , P b - re c o v e ry , C u -g ra d e , a n d  C u -re c o v e ry  a re  su m m a riz e d  in  
T a b le s  2 , 3, 4 , a n d  5, re sp e c tiv e ly .
A s  c a n  b e  se en  in  F ig u re s  3 -6 , th e  m u lt i la y e r  p e rc e p tro n  a r tif ic ia l n e u ra l n e tw o rk  
a n d  su p p o rt v e c to r  m a c h in e  m o d e ls  a re  u n a b le  to  c a p tu re  th e  in tr in s ic  c o rre la t io n s  -  a t 
an y  ra te , n o t  in  a  re lia b le  m a n n e r  -  b e tw e e n  th e  in p u t v a r ia b le s  a n d  o u tp u ts  o f  th e  
e x p e r im e n ta l ly -o b ta in e d  d a ta b a se . T h is  is  p r im a r i ly  b e c a u s e  -  as a lso  s ta te d  p re v io u s ly  in  
se c tio n  1.2. -  b o th  m u lt i la y e r  p e rc e p tro n  a r tif ic ia l n e u ra l n e tw o rk  a n d  s u p p o r t  v e c to r  
m a c h in e  m o d e ls  se rv ic e  lo c a l s e a rc h -a n d -o p tim iz a tio n  te c h n iq u e s  th ro u g h o u t tra in in g . 
T h is  c a u se s  c o n v e rg e n c e  to  o c c u r  so o n e r  a n d  le a d s  to  c o n s is te n t  d e te c tio n  o f  m in - /m a x -  
im u m s  in  th e  d a ta b a se , h o w e v e r  b e a rs  a  d is tin g u is h in g  d ra w b a c k  o f  c o n v e rg e n c e  to  o c c u r  
a t lo c a lly  as o p p o s e d  to  g lo b a lly .
T h is  sh o rtc o m in g  is  o f te n  n e g lig ib le  -  th a t  is, th e re  is  m in im a l c o n s e q u e n c e  o n  th e  
p re d ic ta b ili ty  o f  th e  m o d e ls  -  fo r  d a ta se ts  w ith  l in e a r  a n d /o r  m o n o to n ic  fu n c tio n a l 
re la tio n s h ip s  b e tw e e n  in p u ts  a n d  o u tp u t  v a r ia b le s . C o n v e rse ly , th e  in p u t-o u tp u t
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(c)
( d )  ( e )
F i g u r e  3 .  P r e d i c t i o n s  m a d e  b y  M L  m o d e l s :  ( a )  m u l t i l a y e r  p e r c e p t r o n  a r t i f i c i a l  n e u r a l  
n e t w o r k  ( M L P - A N N ) ;  ( b )  s u p p o r t  v e c t o r  m a c h i n e  ( S V M ) ;  ( c )  M 5 P r i m e  m o d e l  t r e e  
a l g o r i t h m  ( M 5 P ) ;  ( d )  r a n d o m  f o r e s t  ( R F ) ;  a n d  ( e )  R F - F F A  c o m p a r e d  a g a i n s t  m e a s u r e d  
v a l u e s  o f  P b - g r a d e  ( d r a w n  f r o m  t h e  d a t a s e t  d e s c r i b e d  i n  S e c t i o n  2 . 1 . ) .  T h e  d a s h e d  l i n e  
r e p r e s e n t s  t h e  l i n e  o f  i d e a l i t y  a n d  t h e  s o l i d  l i n e s  r e p r e s e n t  a  ± 1 0 %  b o u n d .
r e l a t i o n s h i p s  c o r r e s p o n d i n g  t o  f r o t h  f l o t a t i o n  d a t a s e t ( s )  a r e  a n t i c i p a t e d  t o  b e  e x t r e m e l y  
n o n l i n e a r ,  t h u s  r e n d e r i n g  t h e  p r e d i c t i o n s  o f  m u l t i l a y e r  p e r c e p t r o n  a r t i f i c i a l  n e u r a l  
n e t w o r k  a n d  S V M  m o d e l s  i n a c c u r a t e  -  a s  r e f l e c t e d  i n  t h e  v a l u e s  o f  v a r i o u s  p e r f o r m a n c e  
m e a s u r e s  i n  T a b l e s  2 - 4  ( e . g . ,  R 2  o f  0 . 8 4 5 3 ,  0 . 8 5 4 5 ,  0 . 7 6 3 2 ,  a n d  0 . 8 0 3 2  f o r  t h e  m u l t i l a y e r  
p e r c e p t r o n  a r t i f i c i a l  n e u r a l  n e t w o r k  m o d e l ,  w h e n  u s e d  f o r  p r e d i c t i o n s  o f  P b - g r a d e ,  P b -  
r e c o v e r y ,  C u - g r a d e ,  a n d  C u - r e c o v e r y ,  r e s p e c t i v e l y ;  a n d  R 2  o f  0 . 6 6 0 3 ,  0 . 5 5 7 4 ,  0 . 0 4 8 8 ,  
0 . 3 8 6 9  f o r  t h e  s u p p o r t  v e c t o r  m a c h i n e  m o d e l ,  w h e n  u s e d  f o r  p r e d i c t i o n s  o f  P b - g r a d e ,  P b -  
r e c o v e r y ,  C u - g r a d e ,  a n d  C u - r e c o v e r y ,  r e s p e c t i v e l y ) .  I t  i s  w o r t h  m e n t i o n i n g ,  h e r e ,  t h a t  
p r e d i c t i o n  p e r f o r m a n c e s  o f  m u l t i l a y e r  p e r c e p t r o n  a r t i f i c i a l  n e u r a l  n e t w o r k  a n d  s u p p o r t
v e c to r  m a c h in e  m o d e ls  c a n  b e  im p ro v e d  b y  c o m b in in g  th e m  w ith  G e n e tic  p ro g ra m in g  




F ig u re  4. P re d ic t io n s  m a d e  b y  M L  m o d e ls :  (a )  m u lt i la y e r  p e rc e p tro n  a rtif ic ia l  n e u ra l 
n e tw o rk  (M L P -A N N ); (b )  s u p p o rt v e c to r  m a c h in e  (S V M ); (c )  M 5 P r im e  m o d e l tre e  
a lg o r ith m  (M 5 P ); (d ) ra n d o m  fo re s t  (R F ); a n d  (e )  R F -F F A  c o m p a re d  a g a in s t  a c tu a l 
v a lu e s  o f  P b - re c o v e ry  (d ra w n  f ro m  th e  d a ta s e t  d e s c r ib e d  in  S e c tio n  2 .1 .) . T h e  d a sh e d  
l in e  re p re s e n ts  th e  l in e  o f  id e a lity  a n d  th e  so lid  l in e s  re p re s e n t  a  ± 1 0 %  b o u n d .
Im p ro v e m e n ts  c a n  b e  a lso  e f fe c tu a te d  b y  e m p lo y in g  b a g g in g , o r  v o t in g , o r  
g ra d in g , o r  s ta c k in g  a p p ro a c h e s  [2 5 ,3 6 ] -  a p p ro a c h e s  th a t  a re  ty p ic a lly  u s e d  in  
d e v e lo p m e n t o f  e n se m b le  M L  m o d e ls  -  to  m e ta h e u r is t ic a l ly  re d u c e  th e  m o d e ls ’ 
p re d ic tio n  e rro rs  th e re b y  im p ro v in g  th e ir  p re d ic tio n  p e rfo rm a n c e s . H o w e v e r , su ch  
te c h n iq u e s  a re  p ro n e  to  s lo w in g  d o w n  th e  ra te  o f  c o n v e rg e n c e , an d , in  th e  w o rs t  case ,
risking the chances of overfitting (which results in poor prediction performance when 
new testing datasets are used).
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Figure 5. Predictions made by ML models: (a) multilayer perceptron artificial neural 
network (MLP-ANN); (b) support vector machine (SVM); (c) M5Prime model tree 
algorithm (M5P); (d) random forest (RF); and (e) RF-FFA compared against actual 
values of Cu-grade (drawn from the dataset described in Section 3.1.). The dashed line 
represents the line of ideality and the solid lines represent a ±10% bound.
Table 2. Statistical parameters pertaining ML models’ predictions of Pb-grade.
ML
Model
R R2 MAE MAPE RMSE CPI
Unitless Unitless wt% % wt% Unitless
MLP-
ANN
0.9194 0.8453 2.6419 40.7171 3.5942 0.6022
SVM 0.8126 0.6603 3.3245 51.2372 4.7205 0.9786
M5P 0.8186 0.6701 3.4959 53.8791 4.6490 0.9836
RF 0.9797 0.9598 1.4045 21.6457 1.9109 0.2219
RF-FFA 0.9932 0.9864 0.2860 4.4085 0.9434 0.0000
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The prediction performance of the M5Prime model tree algorithm was, in general, 
inferior compared to multilayer perceptron artificial neural network and support vector 
machine models (see Figures 3-6, and Tables 2-4). In the specific case of Cu-grade 
(Figure 5, and Table 4), predictions made by the M5Prime model tree algorithm 
intermediated (in terms of values of CPI: the composite performance index) between the 
multilayer perceptron artificial neural network and support vector machine models. 
However, in all other cases, the M5Prime model tree algorithm’s prediction performance 
was the worst among all ML models that were employed in this study. The origin of such 
poor prediction performance of the M5Prime model tree algorithm is expected to be the 
small volume of the dataset (i.e., consisting of only 66 data-records, out of which only 50 
used for training), which, presumably, caused the splits in the training dataset to be of 
poor quality. Owing to poor splitting of the database, it is expected that the multivariate 
linear functions were unable to accurately capture the input-output correlations within 
each split. These results, therefore, indicate -  as was also suggested in a prior study [54] -  
that decision tree models with limited number of trees are not ideal for predictions when 
the dataset volume is small.

















0.9244 0.8545 11.7649 70.5681 13.7802 0.7112
SVM 0.7466 0.5574 9.7193 58.2985 12.9810 0.9099
M5P 0.7470 0.5580 10.2023 61.1955 12.9400 0.9263
RF 0.9704 0.9417 4.2258 25.3474 5.5749 0.2022
RF-FFA 0.9883 0.9767 0.8980 5.3863 2.9738 0.0000
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Based on the values for the statistical parameters (Tables 2-4), it’s apparent that 
random forest has superior prediction performance compared to the remaining standalone
ML models employed in this study. This expected outcome is consistent with prior 
studies which have observed that prediction performance of random forest model is better 
than several standalone and ensemble ML models [30,48]. The superior predictability of 
the random forest model is credited to its configuration and two-step randomization (see 
Supporting Information for more details in the corresponding publication) of unpruned 
“deep” trees that allow data in the training set to be split in a logical manner. This results 
in a diminution of parallels unpruned trees correlation, a lessening of generalization 
errors, and the mitigation of training data overfitting. As shown in Figures 3-6 and Tables 
2-4, when assimilated with the firefly algorithm, the prediction performance of the 
random forest model is augmented. The hybrid RF-FFA ML model consistently 
elucidated the functional input-output relationship by leveraging the learned associations 
to unfailingly interpolate for the testing dataset. This is better reflected in the R2 values of 
predictions made by the RF-FFA model: 0.9864, 0.9767, 0.9216, and 0.9817, when used 
for predictions of Pb-grade, Pb-recovery, Cu-grade, and Cu-recovery, respectively. The 
enhanced performance of RF-FFA model, that is, the random forest model predictability 
is improved by the joining with the firefly algorithm, resulting in the hybrid model 
varying and optimizing iteratively the number of trees and leaves per tree repeatedly 
until the deviation amid actual and predicted values reach an ultimate minimum. From 
Tables 2-4 it can be observed that the prediction performance of the RF-FFA model is 
slightly superior to random forest. This implies that training and testing datasets with 
limited data-records do not particularly benefit by the incorporation of the firefly
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algorithm to create the hybrid model. On the other hand, it was shown previously [30] 
that when the volume of the parent database is increased (e.g., the database (with > 1000 
data-records), the incorporation of the firefly algorithm is unambiguously beneficial, 
leading to enhancements in the random forest model’s prediction ability.
Table 4. Statistical parameters pertaining ML models’ predictions of Cu-grade.
ML Model R R2 MAE MAPE RMSE CPI
Unitless Unitless wt% % wt% Unitless
MLP-ANN 0.8736 0.7632 0.4581 52.6710 0.6078 0.3348
SVM 0.2209 0.0488 0.7712 88.6630 1.2308 1.0000
M5P 0.6897 0.4757 0.6954 79.9480 0.9700 0.6717
RF 0.9255 0.8566 0.3424 39.3664 0.5379 0.2157
RF-FFA 0.9600 0.9216 0.0881 10.1290 0.3507 0.0000
Table 5. Statistical parameters pertaining ML models’ predictions of Cu-recovery.
ML Model R R2 MAE MAPE RMSE CPI
Unitless Unitless % % % Unitless
MLP-ANN 0.8962 0.8032 5.0081 45.4201 6.3726 0.4562
SVM 0.6220 0.3869 7.6230 69.1361 10.6281 0.9850
M5P 0.6245 0.3900 7.8962 71.6100 10.5406 0.9956
RF 0.9572 0.9162 4.1174 37.3427 5.4325 0.3149
RF-FFA 0.9908 0.9817 0.6015 5.4555 1.8279 0.0000
As a final point, it is established that the hybrid model’s prediction errors — 
quantified by the statistical parameters such as R2 and RMSE — were dependably and 
considerably negligible compared to those conveyed in the literature that places 
emphases on prediction of outcomes of froth flotation processes [7,9-12,15,17,19,22,55]. 
It is recognized that RMSE and R2 alone are not convincing proof that — compared to
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(d) (e)
Figure 6. Predictions made by ML models: (a) multilayer perceptron artificial neural 
network (MLP-ANN); (b) support vector machine (SVM); (c) M5Prime model tree 
algorithm (M5P); (d) random forest (RF); and (e) RF-FFA compared against actual 
values of Cu-recovery (drawn from the dataset described in Section 3.1). The dashed 
line represents the line of ideality and the solid lines represent a ±10% bound.
other ML models — the combination of random forest and the firefly algorithm will 
reliably yield more accurate predictions (of flotation efficiency or other flotation 
outcomes). The comprehensive prediction ability of a given ML model is influenced by 
numerous aspects, and, as a result, it is challenging to assess (or rank) dissimilar, 
supervised ML models. These aspects include: (7) nature, size, and splitting of the parent 
database; (2) pre-processing (or lack thereof) of the parent database, as well as the 
training and testing sets; (3) type and number of statistical parameters used for evaluation 
of prediction performance; and (4) methods used to optimize the ML models’ hyper­
parameters. To accentuate the significance of point 7, additional computations were
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(a) (b)
Figure 7. Predictions of: (a) Pb-grade; and (b) Pb-recovery produced by the 
RF-FFA model using training sets consisting of 75%, or 60% or 40%, or 80% 
of total data-records. The dashed line represents the line of ideality and the 
solid lines represent a ±10% bound.
Table 6. Statistical parameters pertaining RF-FFA model’s predictions of Pb-grade in 
relation to the percentage of data-records used in the training set.
Training set volume R R2 MAE MAPE RMSE
Unitless Unitless wt% % wt%
75% of data-records 0.9932 0.9864 0.2860 4.4085 0.9434
60% of data-records 0.8186 0.6701 3.4959 53.879 4.6491
80% of data-records 0.9913 0.9827 0.2622 4.3496 0.9412
implemented using the best performing ML model, that is, RF-FFA model. In these 
computations, in addition to the 75%-to-25% split in the parent database for training and 
testing of the RF-FFA model, splits of 60%-to-40% and 80%-to-20% (for training and 
testing, respectively) were used. Predictions of Pb-grade and Pb-recovery produced by 
the model -  in relation to the volumes of the training (and, thus, the testing) sets -  are 
shown in Figure 7; the corresponding predictions errors are enumerated in Tables 6 and
7.
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As can be seen, the splitting of the parent database into training and testing sets -  
which inevitably dictates the rigor of training received by the ML model -  imparted 
significant influence on the RF-FFA model’s prediction performance. When the model 
was trained using only 60% of the parent database, owing to its inadequate training, the 
predictions errors were invariably large (i.e., R and R2 were low, whereas MAE, MAPE, 
and RMSE were high). Conversely, when the model was trained using 80% of the parent 
database -  whilst using only the remaining 20% for testing -  the prediction performance 
was erratic (e.g., good for Pb-grade predictions but poor for Pb-recovery predictions, as 
shown in Figure 7). Such strong dependency of RF-FFA model’s prediction performance 
on the volume of the training set is ostensibly because the parent database’s volume is 
small (i.e., only 66 data-records). It is expected that when a high-volume parent database 
is used, the model’s prediction performance would exhibit less sensitivity to minor 
changes in the training set’s volume.
Table 7. Statistical parameters pertaining RF-FFA model’s predictions of Pb-recovery in 
relation to the percentage of data-records used in the training set.
Training set volume R R2 MAE MAPE RMSE
Unitless Unitless % % %
75% of data-records 0.9883 0.9767 0.8980 5.3863 2.9738
60% of data-records 0.8718 0.7600 7.2919 43.7381 9.5571
80% of data-records 0.7994 0.6391 9.1778 55.054 11.694
With that stated, low values of RMSE, MAE, and MAPE and high values of R 
and R2 (see Table 5), strongly suggest that the RF-FFA model is a dependable prediction 
model for froth flotation efficiency, particularly for polymetallic sulfide systems, using 
experimental process parameters as inputs. With the hybrid model’s exceptional
p re d ic tio n  a b ility , i t  c a n  b e  s p e c u la te d  th a t  in c re a s e d  e n h a n c e m e n ts  (e .g ., th e  u t i l iz a tio n  
o f  a  b ig g e r  d a ta s e t  fo r  tra in in g ) , th e  m o d e l h a s  th e  la te n t  re q u ire m e n ts  to  d e te rm in e  id ea l 
e x p e rim e n ta l p ro c e s s  p a ra m e te rs  th a t  le a d  to  p re fe r re d  f lo ta tio n  e ff ic ie n c ie s  —  th e  
re v e rs e  o f  th e  p re d ic tio n  p ro c e d u re  p re s e n te d  in  th is  w o rk .
5. CONCLUSIONS
T h e  R F -F F A  M L  h y b r id  m o d e l is  p re s e n te d  in  th is  p a p e r. T h e  m o d e l —  
d e v e lo p e d  b y  u n itin g  th e  ra n d o m  fo re s ts  m o d e l w ith  th e  f ire fly  a lg o r ith m  -  is  u s e d  to  
p re d ic t  f ro th  f lo ta tio n  e f f ic ie n c y  o f  g a le n a  a n d  c h a lc o p y ri te  in  re la tio n  to  v a r io u s  
e x p e rim e n ta l p ro c e s s  p a ra m e te rs . th e  f ire f ly  a lg o r ith m  w a s  u s e d  to  m e ta h e u r is t ic a l ly  
v a ry -a n d -o p tim iz e  th e  ra n d o m  fo re s t  m o d e ls ’ h y p e r-p a ra m e te rs  ( i.e ., th e  n u m b e r  o f  tre e s , 
a n d  th e  n u m b e r  o f  le a v e s  p e r  tre e  in  th e  fo re s t)  so  as to  re d u c e  d e v ia tio n s  b e tw e e n  
ra n d o m  fo re s t  m o d e l’s p re d ic tio n s  a n d  a c tu a l o b se rv a tio n s .
T ra in in g  o f  th e  h y b r id  R F -F F A  w a s  c o m p le te d  b y  m e a n s  o f  66  u n iq u e  d a ta -  
re c o rd s  (i.e ., v ia  7 5 %  o f  th e  p a re n t  d a ta b a se ) . In d iv id u a l d a ta - re c o rd s  w e re  p re s e n te d  w ith  
8 d if fe re n t f ro th  f lo ta tio n  (i.e ., e x p e rim e n ta l p ro c e s s )  p a ra m e te rs  as  in p u ts ; o u tp u ts  
in c lu d e d  o u tc o m e s  o f  th e  f ro th  f lo ta tio n  p ro c e s s  (i.e ., g ra d e s  a n d  re c o v e r ie s  o f  P b  an d  
C u). A f te r  th e  h y b r id  m o d e l w a s  tra in e d , th e  in p u t-o u tp u t  re la tio n s h ip s  le a rn e d  w e re  
le v e ra g e d  to  p e rfo rm  p re d ic tio n s  c o rre s p o n d in g  to  th e  re m a in in g  2 5 %  o f  th e  p a re n t 
d a ta b a se . T h e  a b ility  o f  th e  h y b r id  m o d e l to  m a k e  a c c u ra te  p re d ic tio n s  w a s  a n a ly z e d  
a g a in s t 4  s ta n d a lo n e  M L  m o d e ls , th a t  is, m u lt i la y e r  p e rc e p tro n  a rtif ic ia l  n e u ra l n e tw o rk , 
M 5 P , s u p p o rt v e c to r  m a c h in e , an d  ra n d o m  fo re s t, b y  m e a n s  o f  5 s ta tis tic a l p a ra m e te rs ,
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w h ic h  w e re  u lt im a te ly  u n ite d  in to  a  s in g u la r  p a ra m e te r , th e  c o m p o s ite  p e rfo rm a n c e  in d e x  
(C P I).
M u lt i la y e r  p e rc e p tro n  a rtif ic ia l  n e u ra l n e tw o rk  a n d  su p p o rt v e c to r  m a c h in e  
m o d e ls  h a d  re a s o n a b le  p re d ic tio n  p e rfo rm a n c e  c o m p a re d  to  th e  M 5 P r im e  m o d e l tre e  
a lg o rith m . N e v e r th e le s s , a s  a  re s u lt  o f  m u lt i la y e r  p e rc e p tro n  a r tif ic ia l n e u ra l n e tw o rk  an d  
su p p o rt v e c to r  m a c h in e  m o d e ls ’ in c a p a b le  o f  c o n v e rg e n c e  a t a  g lo b a l m in im u m , th e ir  
p re d ic tio n  p e rfo rm a n c e s  w e re  in fe r io r  ju x ta p o s e d  to  th e  ra n d o m  fo re s t  a n d  R F -F F A  
s ta n d a lo n e  m o d e ls . R a n d o m  fo re s t’s e x c e lle n t  p re d ic tio n  p e rfo rm a n c e  is  c re d ite d  to  th e  
o rg a n iz a tio n  o f  th e  m o d e l, w h ic h  is  c o m p r ise d  o f  a  s iz e a b le  n u m b e r  o f  u n -p ru n e d  “ d e e p ” 
tre e s . T h e  p re d ic tio n  a b ility  o f  th e  ra n d o m  fo re s t  m o d e l w a s  a d d itio n a lly  s tre n g th e n e d  
w h e n  jo in e d  w ith  th e  f ire f ly  a lg o r ith m  to  fo rm  th e  h y b r id  m o d e l. T h is  a u g m e n ta tio n  w a s  
a ttr ib u te d  to  th e  f ire f ly  a lg o r ith m  a b ility  to  re p e a te d ly  v a ry  ra n d o m  f o re s t ’s n u m b e r  o f  
tre e s  a n d  le a v e s  p e r  tre e  ( i.e ., h y p e r-p a ra m e te rs )  a n d  o p tim iz e  th e m  u n til  th e  d e v ia tio n  
b e tw e e n  ac tu a l a n d  p re d ic te d  v a lu e s  w e re  m in im iz e d  to  th e  g lo b a l m in im u m .
T h e  h ig h  a c c u ra c y  o f  p re d ic tio n s  m a d e  b y  th e  h y b r id  m o d e l is  an  in d ic a to r  th a t  
th e  m o d e l h a s  p o te n tia l  a s  a  to o l f o r  o p tim iz a tio n  o f  f ro th  f lo ta tio n  p ro c e s s e s  a t p la n t  
sca le . In  th is  s tu d y , a  d a ta b a se  o f  re a s o n a b ly  sm a ll v o lu m e  (i.e ., < 1 0 0  d a ta - re c o rd s )  w a s  
u s e d  fo r  tra in in g  o f  th e  m o d e l. W h ile , in  g e n e ra l, e x p a n s io n  o f  th e  v o lu m e  o f  th e  d a ta b a se  
a n d  in c re a s in g  its  d iv e rs ity  b o o s ts  M L  m o d e ls ’ p re d ic tio n  p e rfo rm a n c e s  ( th e re b y  m a k in g  
th e  m o d e ls  m o re  a p p o s ite  fo r  o p tim iz a tio n s ) , i t  re m a in s  an  in te re s t in g  o p e n  q u e s tio n  i f  th e  
R F -F F A  m o d e l’s p re d ic tio n  p e rfo rm a n c e  w o u ld  s till b e  o u tp e rfo rm  o th e r  M L  s ta n d a lo n e  
m o d e ls  i f  th e  p a re n t  d a ta b a s e  w e re  to  b e  e x p a n d e d  a n d  fu r th e r  d iv e rs if ie d . A s  m o re  d a ta  
p e r ta in in g  to  f ro th -f lo ta tio n  p ro c e s se s  a re  g e n e ra te d  -  an d , th e re a f te r , c o n s o lid a te d  an d
p ro c e s s e d  u n d e r  th e  f ra m e w o rk  o f  M L  ( in c lu d in g  th e  R F -F F A  m o d e l u s e d  in  th is  s tu d y )  -  
i t  is  c o n c e iv a b le  th a t  th e  a fo re sa id  q u e ry  c a n  b e  c a te g o ric a lly  re so lv e d .
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ABSTRACT
T h e  p r o d u c t i o n  o f  o r d i n a r y  P o r t l a n d  c e m e n t  ( O P C ) ,  t h e  m o s t  b r o a d l y  u t i l i z e d  
m a n - m a d e  m a t e r i a l ,  h a s  b e e n  s c r u t i n i z e d  d u e  t o  i t s  c o n t r i b u t i o n s  t o  g l o b a l  a n t h r o p o g e n i c  
C O 2  e m i s s i o n s .  T h u s  —  a s  a  m e t h o d  t o  m i t i g a t e  C O 2  e m i s s i o n s  —  m i n e r a l  a d d i t i v e s  h a v e  
b e e n  p r o m u l g a t e d  i n  l i t e r a t u r e  a s  p a r t i a l  r e p l a c e m e n t s  f o r  O P C .  H o w e v e r ,  i t  h a s  b e e n  
w e l l  e s t a b l i s h e d  t h a t  m i n e r a l  r e p l a c e m e n t s  o f  d i f f e r i n g  t y p e s  a n d  p h y s i c a l  p r o p e r t i e s  c a n  
h a v e  v a r y i n g  e f f e c t s  o n  c e m e n t  h y d r a t i o n  k i n e t i c s .  T h e r e f o r e  —  i n  r e g a r d s  t o  m o r e  
c o m p l e x  s y s t e m s  —  i t  i s  i n f e a s i b l e  f o r  s e m i - e m p i r i c a l  k i n e t i c  m o d e l s  t o  r e v e a l  t h e  
u n d e r l y i n g  n o n l i n e a r  c o m p o s i t i o n - p r o p e r t y  ( i . e . ,  r e a c t i v i t y )  r e l a t i o n s h i p s .  I n  t h e  p a s t  
d e c a d e  o r  s o ,  m a c h i n e  l e a r n i n g  ( M L )  h a s  a r i s e n  a s  a  p r o m i s i n g ,  h o l i s t i c  a p p r o a c h  t o  
r e v e a l  s u c h  c o m p o s i t i o n - p r o p e r t y  c o r r e l a t i o n s  i n  c o m p o s i t e  m a t e r i a l s ,  e v e n  w i t h o u t  a n
a c r o s s - t h e - b o a r d  c o m p r e h e n s i o n  o f  t h e  u n d e r l y i n g  k i n e t i c  m e c h a n i s m s .  T h i s  p a p e r  
d e s c r i b e s  t h e  u s e  o f  a  r a n d o m  f o r e s t s  ( R F )  m o d e l  t o  e n a b l e  h i g h - f i d e l i t y  p r e d i c t i o n s  o f  
t i m e - d e p e n d e n t  h y d r a t i o n  k i n e t i c s  o f  O P C - b a s e d  s y s t e m s  —  m o r e  s p e c i f i c a l l y  [ O P C  +  
m i n e r a l  a d d i t i v e s ]  s y s t e m s  —  u s i n g  t h e  s y s t e m ’ s  p h y s i o c h e m i c a l  a t t r i b u t e s  a s  i n p u t s .  
R e s u l t s  s h o w  t h a t  t h e  R F  m o d e l  —  o n c e  m e t i c u l o u s l y  t r a i n e d  a n d  t h o r o u g h l y  v a l i d a t e d  
—  c a n  a l s o  b e  u s e d  t o  f o r m u l a t e  m i x t u r e  d e s i g n s  t h a t  s a t i s f y  t a r g e t  ( u s e r - i m p o s e d )  
k i n e t i c s - r e l a t e d  c r i t e r i a .
K e y w o r d s :  M a c h i n e  L e a r n i n g ;  R a n d o m  F o r e s t s ;  P o r t l a n d  C e m e n t ;  H y d r a t i o n ;  M i n e r a l  
A d d i t i v e s .
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1. INTRODUCTION
C o m p a r e d  t o  o t h e r  c o n s t r u c t i o n  m a t e r i a l s  ( e . g . ,  w o o d ;  s t e e l ;  m a s o n r y ;  e t c . ) ,  
c o n c r e t e  h a s  t h e  h i g h e s t  a n n u a l  p r o d u c t i o n  [ 1 ] ,  w i t h  4 . 1  b i l l i o n  t o n s  p r o d u c e d  i n  t h e  
U n i t e d  S t a t e s  i n  2 0 1 9  [ 2 ] .  C o n c r e t e  i s  e s p e c i a l l y  v i t a l  t o  e m e r g i n g  n a t i o n s ,  a s  i t  i s  a n  
e c o n o m i c a l l y  v i a b l e  m a t e r i a l  a n d  i t s  p r e c u r s o r s  p l e n t i f u l  e n o u g h  t o  s a t i s f y  t h e  d e m a n d  f o r  
d e c e n t  l o w - c o s t  h o u s i n g  a n d  i n f r a s t r u c t u r e  [ 1 ] .  T h u s ,  t h e  c o m p l e t e  e r a d i c a t i o n  o f  
c o n c r e t e  a n d  c e m e n t i t i o u s  m a t e r i a l s  i n  p u r s u i t  o f  a  g r e e n e r  m a t e r i a l  i s  m o s t  l i k e l y  a n  
i m p o s s i b i l i t y  i n  t h e  n e a r  f u t u r e .  W i t h  t h a t  s t a t e d ,  r e s e a r c h  t h a t  c a n  p r o v i d e  i m p r o v e d  
u n d e r s t a n d i n g  —  o r  e v e n  f u r t h e r ,  p r e d i c t  t h e  b e h a v i o r  a n d  c o m p o s i t i o n - p r o p e r t y  l i n k a g e s  
—  o f  O P C - b a s e d  ( i . e . ,  p a s t e s ;  m o r t a r s ;  a n d  c o n c r e t e s )  s y s t e m s ,  c a n  i m p r o v e  t h e  
e f f i c i e n c y  o f  t h e  i m p l e m e n t a t i o n  o f  s a i d  m a t e r i a l s  i n  p r a c t i c e .  A s  a  s t a n d a l o n e  p r o d u c t ,  
t h e  p r o d u c t i o n  o f  O P C  i s  r e s p o n s i b l e  f o r  9 %  o f  C O 2  e m i s s i o n s  g l o b a l l y  [ 3 - 5 ] .  A s  t h e
o v e r a l l  d e m a n d  f o r  O P C  c o n t i n u e s  t o  i n c r e a s e  [ 6 - 8 ] ,  t h e r e  i s  r i s i n g  p r e s s u r e  t o  d i s c o v e r  
a l t e r n a t e  p r a c t i c e s  a n d  r e s o u r c e s  t o  r e d u c e  C O 2  e m i s s i o n s  r e s u l t i n g  f r o m  O P C  p r o d u c t i o n  
[ 3 , 4 , 7 , 9 ] .  C u r r e n t l y  b e i n g  e x t e n s i v e l y  e x p l o r e d  a n d  o p t i m i z e d  b y  r e s e a r c h e r s  i s  p a r t i a l  
r e p l a c e m e n t  o f  O P C  w i t h  C O 2 - e f f i c i e n t  m i n e r a l  a d d i t i v e s  s u c h  a s  p o z z o l a n i c  a n d  f i l l e r  
m a t e r i a l s .  E x a m p l e s  o f  s a i d  a d d i t i v e s ,  i n  t h e  f o r m  o f  g r o u n d  p o w d e r ,  a r e  l i m e s t o n e  
( c r y s t a l l i n e  C a C O 3 ) ,  q u a r t z  ( c r y s t a l l i n e  S i O 2) ,  a n d  s i l i c a  f u m e  ( a m o r p h o u s  S i O 2) ;  o t h e r  
l e s s  c o m m o n l y  u s e d  a d d i t i v e s  i n c l u d e  p o l y m o r p h s  o f  T i O 2  ( i . e . ,  r u t i l e  a n d  a n a t a s e ) ,  
m e t a k a o l i n  ( d o m i n a n t l y  a m o r p h o u s  A h S i 2 O 7 ) ,  a n d  c o r u n d u m  ( c r y s t a l l i n e  A h O 3 )  [ 1 0 ­
1 7 ] .  W h e n  p r e s e n t  i n  O P C - b a s e d  s y s t e m s ,  f i l l e r  m a t e r i a l s  a r e  k n o w n  t o  a l t e r  h y d r a t i o n  
r a t e s  [ 1 0 , 1 1 , 1 8 - 2 0 ]  —  t y p i c a l l y  b y  a c c e l e r a t i n g  t h e  h y d r a t i o n  ( i . e . ,  t h e  r e a c t i o n  w i t h  
w a t e r )  o f  t h e  h o s t  p h a s e  b y  p r o v i d i n g  a d d i t i o n a l  s u r f a c e  s i t e s  f o r  c a l c i u m  s i l i c a t e  h y d r a t e  
( C - S - H )  —  u n i v e r s a l l y  c o n s i d e r e d  t o  b e  t h e  “ g l u e ”  o f  O P C - b a s e d  s y s t e m s  a n d  t h e  m o s t  
i m p o r t a n t  h y d r a t e  p h a s e  —  t o  h e t e r o g e n e o u s l y  n u c l e a t e  a n d  g r o w  u p o n .  T h e  a c c e l e r a t i o n  
o f  h y d r a t i o n  r a t e s  a s  a  r e s u l t  o f  i n c l u s i o n  o f  f i l l e r s  i n  O P C - b a s e d  s y s t e m s  i s  c o m m o n l y  
r e f e r r e d  t o  a s  t h e  filler effect [ 1 9 - 2 1 ] .  T o  f o l l o w  t h a t  p o i n t ,  w h e n  p r e s e n t  i n  O P C - b a s e d  
s y s t e m s ,  p o z z o l a n i c  m a t e r i a l s  a r e  k n o w n  t o  c o n t r i b u t e  t o  a  p o z z o l a n i c  r e a c t i o n ,  w h i c h  
u l t i m a t e l y  y i e l d s  a n  i n c r e a s e d  p e r c e n t a g e  o f  C - S - H  p r e s e n t  i n  t h e  s y s t e m  —  a n  e f f e c t  
k n o w n  t o  i n c r e a s e  w i t h  t i m e  [ 1 8 , 2 2 ] .  H o w e v e r ,  m a t e r i a l s  s u c h  a s  s i l i c a  f u m e  a n d  
m e t a k a o l i n  h a v e  a n  a d d i t i o n a l  l a y e r  o f  c o m p l e x i t y .  T h e s e  m a t e r i a l s  h a v e  b e e n  e s t a b l i s h e d  
t o  c o n t r i b u t e  t o  t h e  h y d r a t i o n  o f  O P C - s y s t e m s  a s  p o z z o l a n i c  a n d  f i l l e r  m a t e r i a l s  
s i m u l t a n e o u s l y ,  w i t h  t h e  c o n t r i b u t i o n s  t o  e a c h  e f f e c t  v a r y i n g  w i t h  t i m e  [ 1 8 , 2 2 ] .
T h e  h y d r a t i o n  o f  t h e  a b o v e m e n t i o n e d  s y s t e m s  i s  o f t e n  f i t t e d  t o  p h y s i c a l  r e s u l t s  t o  
p r e d i c t  t h e  h y d r a t i o n  b e h a v i o r  a n d  m i c r o s t r u c t u r a l  d e v e l o p m e n t  o f  c e m e n t  s y s t e m s  w i t h
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r e s p e c t  to  tim e . A  te c h n iq u e  th a t  is  o f te n  a t th e  fo re f ro n t  o f  c e m e n t h y d ra tio n  s tu d ie s  is  
iso th e rm a l c a lo r im e try , w h ic h  m e a s u re s  th e  h e a t  a b s o rb e d  o r  e m itte d , th a t  is, e n d o -/e x o -  
th e rm ic  p ro c e s se s , fo r  a  g iv e n  sy s tem . T h e  m e a s u re d  h e a t  is  o f te n  re p re s e n te d  in  th e  
l ite ra tu re  in  te rm s  o f  h e a t  f lo w  ra te  a n d  th e  o v e ra ll h e a t  p ro d u c e d  a t a  f ix e d  te m p e ra tu re  
w ith  re s p e c t  to  tim e : th e  h e a t f lo w  ra te  is  in d ic a tiv e  o f  re a c tio n  ra te s , w h ile  th e  
c u m u la tiv e  h e a t  re le a s e d  c a n  b e  u s e d  to  e x tra c t  th e rm o d y n a m ic  in fo rm a tio n  (e .g ., d e g re e  
o f  h y d ra tio n  o f  ce m e n t)  a t  a  d e s ire d  t im e  in  th e  h y d ra tio n  p ro ce ss . T h e  h e a t  f lo w  e m itte d  
o v e r  th e  c o u rse  o f  th e  e n tire  h y d ra tio n  rea c tio n , w ith  r e s p e c t  to  e a c h  u n iq u e  c e m e n tit io u s  
sy s te m , c a n  se rv e  as a  c h a ra c te r is t ic  h e a t-e v o lu tio n  “ f in g e rp r in t,” y ie ld in g  in fo rm a tio n  
re g a rd in g  u n d e r ly in g  k in e tic  m e c h a n ism s . E a r ly  h y d ra tio n  o f  c e m e n t is  o f te n  d e s c r ib e d  in  
fo u r  p e r io d s  th a t  c o rre s p o n d  to  o b s e rv a b le  re g im e  c h a n g e s  in  h e a t  f lo w  ra te  as  a  fu n c tio n  
o f  t im e . T h e  fo u r  s ta g e s  o f  ea rly  h y d ra tio n  a re  o f te n  re fe r re d  to  in  th e  l i te ra tu re  as: th e  (I) 
initial period; (II)  induction period; ( III)  acceleration period; a n d  (IV ) deceleration 
period. T h is  re fe re n c e  [23] is  p ro v id e d  fo r  m o re  in fo rm a tio n  o n  th e  e a rly  s ta g e s  o f  
h y d ra tio n .
A s  s ta te d  ab o v e , th e s e  k in e tic  p h e n o m e n a  a re  c o m m o n ly  o b se rv e d  v ia  u n iq u e  h e a t 
e v o lu tio n  s ig n a tu re s  w ith  t im e , w h ic h  a re  u s e d  to  d e m o n s tra te  h y d ra tio n  d e g re e  an d  
m ic ro s tru c tu ra l d e v e lo p m e n t o f  c e m e n t sy s te m s , ty p ic a lly  b y  n u m e ric a l k in e tic  m o d e ls  
d e s c r ib e d  in  th e  l ite ra tu re  [2 4 -2 7 ] . A rg u a b ly  th e  m o s t  p ro m in e n t, p ro lif ic a l ly -c i te d  
n u m e ric a l k in e tic  w o rk s  d e v e lo p e d  in  th e  p a s t  c e n tu ry , re la tiv e ly  a ro u n d  th e  sa m e  tim e , 
h a s  b e e n  b y  W illia m  A . J o h n s o n  a n d  R o b e r t  F . M e h l [28], M e lv in  A v ra m i [2 9 -3 1 ] ,  an d  
A n d re y  N . K o lm o g o ro v  [32], w h o s e  c o lle c t iv e  w o rk  is  c o m m o n ly  d e n o te d  as JM A K  
k in e tic s . JM A K  k in e tic s  a s su m e  th a t  n u c le a tio n  o c c u rs  in  a  ra n d o m , h o m o g e n e o u s
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fa s h io n  o v e r  th e  to ta l  u n tra n s fo rm e d  m a te r ia l  o f  th e  g iv e n  sy s te m , w h e re  th e  g ro w th  ra te  
is  an  in d e p e n d e n t f a c to r  a n d  a s su m e d  to  o c c u r  iso tro p ic a lly . S e v e ra l s tu d ie s  [3 3 -4 0 ]  h a v e  
a p p lie d  JM A K  k in e tic s  to  c e m e n t h y d ra tio n , w ith  re la tiv e ly  p o o r  fits . F o r  so m e  tim e , i t ’s 
b e e n  k n o w n  th a t  su c h  a s su m p tio n s  d o  n o t  f i t  w ith  w h a t  h a s  b e e n  e x p e rim e n ta l ly  o b se rv e d  
in  te rm s  o f  c e m e n t m ic ro s tru c tu re  d e v e lo p m e n t a f te r  m ix in g . T h a t  is , i t  is  w e ll 
e s ta b lis h e d  th a t  o n e  o f  th e  m o re  im p o r ta n t  h y d ra tio n  p ro d u c ts  o f  O P C  sy s te m s , C -S -H , 
g ro w s  h e te ro g e n e o u s ly  in  a  n e e d le - l ik e  fa s h io n  ( s o m e tim e s  a lso  re fe r re d  to  as f ib r il la r  
[41], sh e e t- lik e  [42], o r  g lo b u la r  [43] in  th e  l i te ra tu re )  o n  c e m e n t su rfa c e s  a t  e a rly  ag es , 
e v e n tu a lly  le a d in g  to  s e tt in g  a n d  th e  c o n s e q u e n t d e v e lo p m e n t o f  m e c h a n ic a l p ro p e rtie s . 
T h o m a s  [44] p o in te d  o u t th a t  e x p e rim e n ta l o b s e rv a tio n s  c o n tra d ic t  a s su m p tio n s  se t b y  th e  
J M A K  e q u a tio n s  a n d  c o n s e q u e n tly  c h o se  to  f ra m e  c e m e n t h y d ra tio n  in  th e  c o n te x t  o f  
J o h n  W . C a h n ’s o r ig in a l w o rk  [45]. C a h n ’s b o u n d a ry  n u c le a tio n  a n d  g ro w th  m o d e l —  
s im ila r  to  th e  JM A K  e q u a tio n s  —  is  b a s e d  o n  a  f e w  a s su m p tio n s ; C a h n ’s w o rk  a s su m e s  
th a t  n u c le i fo rm  o n  p la n a r  b o u n d a r ie s  th a t  a re  ra n d o m ly  o r ie n te d  a n d  d is tr ib u te d  w ith in  
th e  sy s te m , a  c o n s ta n t  n u c le a tio n  ra te  p e r  u n it  a re a  o f  th e  u n re a c te d  su rfa c e , a n d  a 
c o n s ta n t, iso tro p ic  g ro w th  ra te .
T h e  w o rk  d isc u s s e d  in  th e  p re v io u s  p a ra g ra p h  h a s  se rv e d  as a  sp r in g b o a rd  fo r  
se v e ra l n u m e ric a l s tu d ie s  [1 6 ,1 8 ,1 9 ,2 1 ,2 2 ,2 4 ,4 4 ,4 6 -5 7 ] , w h o s e  c o lle c tiv e  w o rk  h as  
so u g h t to  c o m p re h e n s iv e ly  e x p la in  th e  r a te - l im itin g  s te p s  d r iv in g  th e  e a rly  s ta g e s  o f  
h y d ra tio n  —  c o rre s p o n d in g  to  n u c le a tio n  a n d  g ro w th  —  a n d  e v e n tu a lly  le a d in g  to  th e  
s lo w in g  o r  d e c e le ra t in g  o f  h y d ra tio n  re a c tio n  ra te s . T h o u g h  th e  re fe re n c e d  w o rk s  
[1 6 ,1 8 ,1 9 ,2 1 ,2 2 ,2 4 ,4 4 ,4 6 -5 7 ]  se rv e  as  e x a m p le s  o f  im p o r ta n t  m ile s to n e s  in  
u n d e rs ta n d in g  u n d e r ly in g  h y d ra tio n  m e c h a n is m s  o f  O P C -b a s e d  sy s te m s , th e re  a re  still
p o in ts  o f  c o n te n tio n  w ith in  th e  lite ra tu re , in  re g a rd s  to  th e  a fo re m e n tio n e d  s lo w in g  o f  
h y d ra tio n  ra te s  th a t  o c c u rs  10 h o u rs  o r  so  a f te r  m ix in g  fo r  a  p la in  O P C -b a s e d  sy s tem , 
w ith  a  sp e c if ic  e x a m p le  b e in g  d if fu s io n - lim ite d  [1 6 ,5 0 -5 3 ]  v s . d is s o lu tio n - lim ite d  
[5 4 ,5 8 ,5 9 ]  k in e tic s . In  a d d itio n , th e  p ro c e s s  o f  e lu c id a tin g  h y d ra tio n  m e c h a n is m s  to  th e n  
p re d ic t  h y d ra tio n  b e h a v io r  b a s e d  o n  sa id  m e c h a n is m s  is  an  a p p ro a c h  th a t  h a s  a n d  still 
re q u ire s  n u m e ro u s  s tu d ie s  w ith  v a ry in g  p h y s ic a l a n d  n u m e ric a l a p p ro a c h e s .
T h e re  a re  n u m e ric a l m e th o d s , c u rre n tly  e x is tin g , th a t  c a n  p re d ic t  p ro p e r tie s , b a s e d  
o n  p h y s ic a l d a ta , h o w e v e r  th e s e  m e th o d s  d o  n o t  c o n s id e r  re a c tio n  k in e tic s , b u t  in s te a d  
ta k e  an  e n g in e e r in g  a p p ro a c h  b y  u til iz in g  a rtif ic ia l  in te ll ig e n c e , m a c h in e  le a rn in g  (M L ) 
te c h n iq u e s . P re v io u s  s tu d ie s  [6 0 -6 9 ]  h a v e  p ro p o se d  th a t  im p ro v in g  u n d e rs ta n d in g  o f  th e  
re la tio n s h ip  b e tw e e n  h y d ra tio n  k in e tic s  a n d  c o n s e q u e n t m e c h a n ic a l p ro p e r t ie s  [6 0 ­
6 2 ,6 4 ,6 5 ,7 0 -8 1 ]  o f  O P C -b a s e d  sy s te m s  c a n  b e  a s s is te d  b y  a  M L  a p p ro a c h , b a s e d  o n  th e  
la rg e -s c a le  a n a ly s is  o f  e x p e rim e n ta l d a ta . B a n g a ru  e t al. [69] a p p lie d  ra n d o m  fo re s ts  
(R F ), N a iv e  B a y e s , L o g is tic , K -N e a re s t  N e ig h b o rs , a n d  s u p p o rt v e c to r  m a c h in e  (S V M ) 
m o d e ls  to  p re d ic t  th e  d e g re e  o f  h y d ra tio n  b a s e d  o n  th e  m ic ro s tru c tu ra l d e v e lo p m e n t o f  
c o n c re te  sy s te m s. C o n v e rse ly , C ru z  e t al. [68] p re d ic te d  th e  m ic ro s tru c tu ra l  d e v e lo p m e n t 
o f  c e m e n t sy s te m s  u s in g  th e  d e g re e  o f  h y d ra tio n  as an  in p u t v ia  an  a r tif ic ia l n e u ra l 
n e tw o rk  (A N N ) m o d e l. B a s e d  o n  th e  re su lts  o f  th e  m e n tio n e d  s tu d ie s  [6 8 ,6 9 ], M L  can  
se rv e  as a  p ro m is in g  p la tfo rm  to  p re d ic t  th e  h e a t  e v o lu tio n  o f  th e  h y d ra tio n  re a c tio n , 
w h ic h  c a n  b e  d ire c tly  l in k e d  to  th e  k in e tic s  o f  th e  o v e ra ll re a c tio n . B y  u til iz in g  M L  
p la tfo rm s , c o m p le x it ie s  p e r ta in in g  to  la rg e  c o m p o s itio n a l d e g re e s  o f  f re e d o m  —  th a t  is, 
m ix tu re  d e s ig n  v a r ia b le s , p e rm u ta tio n s  o f  w h ic h  c a n  v a ry  s ig n if ic a n tly  a n d  e x e rt 
su b s ta n tia l  in f lu e n c e  o n  p ro p e r t ie s  —  a n d  c o n se q u e n t, n o n lin e a r  re la tio n s h ip s  b e tw e e n
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d e s ig n  v a r ia b le s  a n d  p ro p e r t ie s  o f  O P C -b a s e d  s y s te m s  c a n  b e  o v e rc o m e . F o r  e x a m p le , th e  
in c lu s io n  o f  g ro u n d  lim e s to n e  in  O P C -b a s e d  sy s te m s, d e p e n d in g  o n  th e  r e p la c e m e n t 
lev e l, c a n  le a d  to  fo rm a tio n  o f  a d d itio n a l, c a rb o a lu m in a te  p h a se s  in  O P C -b a s e d  sy s te m s  
v ia  re a c tio n s  w ith  a lu m in a -c o n ta in in g  a n h y d ro u s  p h a s e s  (e .g ., C 3A ) [1 4 ,8 2 -8 5 ] ,  o r  fro m  
d e s ta b iliz a t io n  o f  th e  m o n o su lfo a lu m in a te  p h a s e  [86]. T h e  d is s o lu tio n  o f  m e ta k a o lin  is 
k n o w n  to  re le a s e  a lu m in a te  [A l(O H )4 - ] an io n s , u l t im a te ly  su p p re s s in g  th e  n u c le a tio n  an d  
g ro w th  o f  C -S -H  [18]. F u r th e r , m in e ra l a d d itiv e s , as s ta te d  p rev io u s ly , c a n  fu n c tio n  as 
p o z z o la n ic  o r  f i l le r  m a te r ia ls  o r  b o th  to  v a ry in g  d e g re e s  a t d if fe re n t  a g es , c o m p lic a tin g  
th e  h y d ra tio n  re a c tio n . T h e ir  p e rfo rm a n c e s  h a v e  b e e n  l in k e d  to  th e  a v a ila b le  sp e c if ic  
su rfa c e  a re a  (S S A ; c m 2 . g - 1 ) a n d  o th e r  p a ra m e te rs  re la te d  to  p h y s io c h e m ic a l  e ffe c ts , su ch  
as a g g lo m e ra tio n  [1 8 ,2 2 ], w h ic h  c a n  e ffe c tiv e ly  a lte r  th e  to ta l  S S A  c o n tr ib u tin g  to  th e  
h y d ra tio n  re a c tio n . T h e re fo re , so p h is tic a te d  a p p ro a c h e s , su c h  as M L , a re  re q u ire d  to  
re v e a l th e  h id d e n , a n d  c o m p le x , s e m i-e m p ir ic a l ru le s  th a t  g o v e rn  th e  c o rre la tio n  b e tw e e n  
m ix tu re  d e s ig n  a n d  p ro p e r t ie s  o f  O P C -b a s e d  sy s te m s.
In  th is  s tu d y , th e  R F  m o d e l —  a  m o d if ic a tio n  o f  th e  c la s s if ic a t io n -a n d -re g re s s io n  
d e c is io n  tre e s  (C A R T ) M L  m o d e ls  —  is  u s e d  to  p e rfo rm  n o v e l p re d ic tio n s  o f  th e  t im e -  
d e p e n d e n t, k in e tic a l ly - re la te d  h e a t-e v o lu tio n  b e h a v io r  w ith  v a r ia tio n s  c o rre la te d  w ith  
d if fe re n t  m in e ra l a d d itiv e  ty p e s , su ch  a s : q u a rtz ; l im e s to n e ; m e ta k a o lin ; a n d  s il ic a  fu m e  
a n d  p h y s io c h e m ic a l a ttr ib u te s  su c h  as S S A . T h e  p re d ic tio n  re su lts  sh o w  th a t  th e  R F  
m o d e l c a n  p re d ic t  a n d  o p tim iz e  th e  re la tiv e ly  c o n tin u o u s  (i.e ., sh o rt  t im e  s te p s )  a n d  lo n g  
t im e  p e r io d  (i.e ., 2 4  h o u rs )  h e a t-e v o lu tio n -d e te rm in e d  k in e tic  p ro f ile s  c o rre s p o n d in g  to  
p la in  a n d  [O P C  +  m in e ra l a d d itiv e ]  sy s te m s  as w e ll  as p re d ic t  p ro f ile s  fo r  n e w  sy s te m s  
w h e n  p ro p e r ly  a n d  r ig o ro u s ly  tra in e d , a  fe a t  th a t  is  c u rre n tly  im p o s s ib le  w ith  c u rre n t
n u m e ric a l k in e tic  m o d e ls . T h e  d a ta b a se  c o n s tru c te d  f ro m  h e a t  e v o lu tio n  e x p e rim e n ta l 
d a ta  in c lu d e s  1 -a d d itiv e  a n d  2 -a d d it iv e  sy s te m s. In  o rd e r  to  e v a lu a te  th e  p e rfo rm a n c e  o f  
th e  M L  m o d e l, f iv e  d if fe re n t  s ta tis tic a l p a ra m e te rs  a re  u s e d  to  c o m p a re  th e  p re d ic te d  
c u m u la tiv e  h e a t  a n d  h e a t  f lo w  ra te  a g a in s t  m e a s u re d  d a ta . T h e  c o rre la tio n s  b e tw e e n  th e  
in p u ts  a n d  o u tp u ts  d e v e lo p e d  b y  th e  R F  m o d e l u t i l iz e d  in  th is  s tu d y  c a n  b e  u s e d  to  
o p tim iz e  th e  m ix tu re  d e s ig n  b a s e d  o n  d e s ire d  h y d ra tio n  k in e tic s .
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2. MATERIALS AND METHODS
A  d a ta b a se  w a s  g e n e ra te d  fo r  n u m e ro u s  c e m e n t m ix tu re s  c o n ta in in g  v a ry in g  
re p la c e m e n ts  o f  fo u r  c o m m o n ly  u ti l iz e d  m in e ra l a d d itiv e s  ( i.e ., q u a rtz ; lim e s to n e ; 
m e ta k a o lin ; a n d  s il ic a  fu m e )  in  o rd e r  to  d e m o n s tra te  th e  p re d ic ta b ili ty  o f  h e a t  e v o lu tio n  
d a ta , re la tin g  to  h y d ra tio n  k in e tic s  o f  O P C  sy s te m s, w ith  tim e . T h e  d a ta b a se  w a s  
d e s ig n e d  so  th e  fo llo w in g  p a ra m e te rs , k n o w n  to  a f fe c t  th e  ra te  a n d  d e g re e  o f  h y d ra tio n , 
c o u ld  b e  u ti l iz e d  as  in p u ts : c e m e n t a n d  m in e ra l a d d itiv e  c o n te n t; a d d itiv e  ty p e (s );  su rfa c e  
a re a (s )  c o rre s p o n d in g  to  c e m e n t c o n te n t; a n d  tim e , th a t  is, th e  a g e  o f  th e  h y d ra te d  
c em en t.
2.1. MATERIALS
T h e  m a te r ia ls  u t i l iz e d  in  th is  s tu d y  are: T y p e  I /I I  O P C  (L a fa rg e -H o lc im ); q u a rtz  
(M IN -U -S IL  f ro m  U .S . S ilic a  a n d  lo c a lly  s o u rc e d  m a so n ry  san d ); l im e s to n e  (c o n s tru c tio n  
g ra d e  f ro m  M is s is s ip p i  L im e ); m e ta k a o lin  (M e ta M a x  f ro m  Im e ry s) ; a n d  s il ic a  fu m e  
(M a s te r l ife  SF 100 f ro m  B A S F ) . T o  g e n e ra te  a  q u a lity  d a ta b a se  w ith  a  h ig h  v a r ia n c e  in
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p a rtic le  s iz e  d is tr ib u tio n s  (P S D s)  a n d  P S D  ty p e s  (e .g ., b im o d a l, e tc .) , v a r io u s  P S D s  w e re  
o b ta in e d  u s in g  a  f e w  m e th o d s : ra n d o m ly  se p a ra tin g  P S D s  to  c re a te  n e w  o n e s  v ia  s iev in g ; 
s y s te m a tic a lly  u t i l iz in g  a  ru le  o f  m ix tu re s ;  o r  a  c o m b in a tio n  o f  th e  tw o . T h e  o b ta in e d  
P S D s  w e re  th e n  q u a n tif ie d  v ia  s ta tic  l ig h t  s c a tte r in g  a n d  w e re  im p le m e n te d  in to  m ix tu re  
d e s ig n s  th a t  w e re  u l t im a te ly  m o n ito re d  v ia  iso th e rm a l c a lo r im e try  to  e x tra c t  h e a t 
e v o lu tio n  d a ta . T h e  d e ta ils  o f  p h y s ic a l p a r tic le  s iz e  a n d  iso th e rm a l c a lo r im e try  
m e a s u re m e n ts  a re  fu r th e r  e la b o ra te d  u p o n  in  th e  fo llo w in g  p a ra g ra p h s .
T h e  P S D s  w e re  v e r if ie d  u s in g  a  s ta tic  l ig h t  sc a tte r in g  p a r tic le  s ize  a n a ly z e r  
(M ic ro tra c  S 3 5 0 0 )  fo r  a ll m a te r ia ls  w ith  th e  e x c e p tio n  o f  s il ic a  fu m e , w h ic h  w a s  
m e a s u re d  e x te rn a lly  u s in g  d y n a m ic  l ig h t  s c a tte r in g  (Z e ta s iz e r  N a n o ) . F o r  su ch  
e x p e rim e n ts , O P C  a n d  m in e ra l a d d itiv e s  w e re  s u sp e n d e d  in  iso p ro p a n o l a n d  w a te r, 
re sp e c tiv e ly . A ll th e  s u sp e n d e d  p o w d e rs  w e re  m e a s u re d  im m e d ia te ly  w ith o u t 
u ltra so n if ic a tio n  in  o rd e r  to  e m u la te  th e ir  e ffe c tiv e  P S D s  u p o n  c o n ta c t w ith  d e io n iz e d  
w a te r  fo r  m ix e s  c re a te d  a n d  te s te d  fo r  iso th e rm a l c a lo r im e try  e x p e rim e n ts . T h e  P S D  o f  
th e  O P C  p o w d e r  is  sh o w n  in  F ig u re  1a; O P C ’s m e d ia n  p a r t ic le  s iz e  o n  a  v o lu m e  b a s is  
(d v 50 , p m )  —  e x tra c te d  f ro m  s ta tic  l ig h t  s c a tte r in g  re su lts  —  w a s  d e te rm in e d  to  b e  14.63 
p m . B a s e d  o n  O P C ’s m e a s u re d  P S D , its  sp e c if ic  su rfa c e  a re a  (S S A ) —  a  c o m m o n  
in d ic a to r  o f  th e  f in e n e s s  o f  a  m a te r ia l  —  w a s  c a lc u la te d  to  b e  1 7 2 6 .5 5  c m 2 . g -1  u s in g  an  
a s su m e d  d e n s ity  o f  3 .1 5  c m 2 . g - 1 . In  th e  sa m e  m a n n e r , th e  S S A s o f  th e  v a r io u s  q u a rtz ; 
l im e s to n e ; a n d  m e ta k a o lin  P S D s  w e re  e s tim a te d  u s in g  d e n s itie s  o f  2 .6 5  c m 2 . g - 1 ; 2 .71  
c m 2 . g - 1 ; 0 .8 9  c m 2 . g - 1 , c o rre s p o n d in g  to  q u a rtz ; l im e s to n e ; a n d  m e ta k a o lin ; re sp e c tiv e ly . 
T h e  P S D s  o f  th e  th re e  l im e s to n e  d is tr ib u tio n s  a re  sh o w n  in  F ig u re  1b. I t  c a n  b e  seen  th a t  
th e  d v 50 o f  th e  m a te r ia l  d o e s  n o t  n e c e s sa r ily  in c re a s e  w ith  d e c re a s in g  S S A , th a t  is,
f i n e n e s s ,  a s  a  r e s u l t  o f  t h e  d i f f e r e n t i a l  p a s s i n g  [ v o l .  % ]  o f  L i m e s t o n e - 2 ’ s  P S D  n o t  b e i n g  
p e r f e c t l y  u n i m o d a l .  T h e  i n c l u s i o n  o f  s u c h  n o n - u n i m o d a l  P S D s  h a s  b e e n  i n c l u d e d  i n  b o t h  
t r a i n i n g  a n d  t e s t i n g  t o  d e m o n s t r a t e  t h e  p r e d i c t a b i l i t y  o f  s y s t e m s  c o n t a i n i n g  m a t e r i a l s  t h a t  
a r e  p e r h a p s  n o n i d e a l  i n  n a t u r e .  T h e  d e t a i l s  f o r  t h e  t y p e  I / I I  O P C  ( w h o s e  P S D  i s  d e p i c t e d  
i n  F i g u r e  1 a )  u s e d  f o r  a l l  c a l o r i m e t r y  e x p e r i m e n t s  i s  l i s t e d  i n  T a b l e  1 .  T h e  d v 5o s  a n d  S S A s  
c o r r e s p o n d i n g  t o  t h e  m i x e d  m a t e r i a l s  u s e d  f o r  t r a i n i n g  a n d  v a l i d a t i o n  o f  t h e  m a c h i n e  
l e a r n i n g  ( M L )  a l g o r i t h m s  a r e  s h o w n  i n  T a b l e  1 ,  w h i l e  t h e  d e t a i l s  o f  t h e  P S D s  t h a t  w e r e  
u s e d  f o r  t e s t i n g  o f  t h e  M L  a l g o r i t h m s  a r e  s h o w n  i n  T a b l e  2 .
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F i g u r e  1 .  T h e  c u m u l a t i v e  p a r t i c l e  s i z e  d i s t r i b u t i o n s  ( P S D s )  o f  ( a )  o r d i n a r y  
P o r t l a n d  c e m e n t  ( O P C ) ;  a n d  ( b )  v a r y i n g  d i s t r i b u t i o n s  o f  l i m e s t o n e ,  t h a t  i s ,  
L i m e s t o n e - 1 ;  L i m e s t o n e - 2 ;  a n d  L i m e s t o n e - 3  w h i c h  c o r r e s p o n d i n g l y  h a v e  S S A s  
o f  4 6 7 3 . 8 1  c m 2 . g - 1 ; 1 6 9 7 . 4 9  c m 2 . g - 1 ; a n d  1 2 3 9 . 8 8  c m 2 . g - 1 , r e s p e c t i v e l y .  I t  c a n  
b e  s e e n  t h a t  t h e  d v 5o o f  t h e  l i m e s t o n e  P S D s  d e p i c t e d  d o  n o t  a p p e a r  t o  i n c r e a s e  
w i t h  d e c r e a s i n g  S S A .  S u c h  n o n - u n i m o d a l  P S D s  h a v e  b e e n  i n c l u d e d  i n  t h e  
d a t a b a s e  t o  d e m o n s t r a t e  t h e  p r e d i c t a b i l i t y  o f  s y s t e m s  c o n t a i n i n g  m a t e r i a l s  t h a t  
a r e  p e r h a p s  n o n - i d e a l  i n  n a t u r e .  T h e  l a r g e s t  r e l a t i v e  u n c e r t a i n t y  i n  t h e  m e d i a n  
d i a m e t e r  ( d v 5o ,  p m ) ,  b a s e d  o n  s i x  r e p l i c a t e  m e a s u r e m e n t s ,  i s  o n  t h e  o r d e r  o f  ±
6 % .
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T a b l e  1 .  T h e  m e d i a n  d i a m e t e r s  ( d v 5 o )  a n d  s p e c i f i c  s u r f a c e  a r e a s  ( S S A s )  d e t a i l i n g  p a r t i c l e  
s i z e  d i s t r i b u t i o n s  ( P S D s )  c o r r e s p o n d i n g  t o  t h e  t y p e  I / I I  o r d i n a r y  P o r t l a n d  c e m e n t  ( O P C ) ;  
q u a r t z  l i m e s t o n e ;  m e t a k a o l i n ;  a n d  s i l i c a  f u m e *  t h a t  w e r e  u t i l i z e d  i n  t r a i n i n g  a n d  l a t e r  
t e s t i n g  o f  t h e  M L  a l g o r i t h m s .  T h e  d e t a i l s  c o r r e s p o n d i n g  t o  s i l i c a  f u m e ’ s  p a r t i c l e  s i z e  
d i s t r i b u t i o n  w e r e  m e a s u r e d  v i a  d y n a m i c  l i g h t  s c a t t e r i n g  a n d  s u p p l i e d  b y  B A S F .
M a t e r i a l - # d v 5 0  [ p m ] S S A  [ c m 2 . g - 1 ]
O P C 1 4 . 6 3 1 7 2 6 . 5 5
Q u a r t z - 1 1 . 4 3 1 1 7 6 7 7 . 2 1
Q u a r t z - 2 1 . 4 1 2 1 9 1 3 1 . 5 6
Q u a r t z - 3 1 . 2 3 8 2 0 5 2 8 . 1 8
Q u a r t z - 4 2 7 0 . 4 1 3 4 7 . 1 7
Q u a r t z - 5 2 5 5 . 2 2 9 4 9 . 8 9
Q u a r t z - 6 2 5 7 . 4 2 6 0 7 . 1 3
Q u a r t z - 7 2 5 9 . 9 3 4 3 7 . 8 5
Q u a r t z - 8 2 6 1 . 6 4 1 9 6 . 1 6 3
Q u a r t z - 9 2 3 6 . 8 5 7 1 2 . 7 6
Q u a r t z - 1 0 7 . 4 7 8 2 4 7 . 7 6 2
L i m e s t o n e - 1 4 3 . 8 8 1 2 3 9 . 8 8
L i m e s t o n e - 2 7 7 . 5 2 1 6 9 7 . 4 9
L i m e s t o n e - 3 1 5 . 5 5 4 6 7 3 . 8 1
M e t a k a o l i n - 1 3 . 9 9 2 1 6 7 8 . 6 1
S i l i c a  F u m e - 1 * 0 . 1 1 9 8 0 0 0
T h e  S S A  o f  O P C  a n d  M e t a k a o l i n - 1  w e r e  a l s o  m e a s u r e d  a c c o r d i n g  t o  t h e  
B r u n a u e r - E m m e t - T e l l e r  t h e o r y ,  t h a t  i s ,  m u l t i - p o i n t  B E T  ( Q u a n t a c h r o m e  N o v a  E 2 0 0 0 )  
u s i n g  N 2 . B e f o r e  t h e  p o w d e r s  w e r e  m e a s u r e d ,  t h e  p o w d e r s  u n d e r w e n t  a  d e g a s s i n g  
p r o c e d u r e  i n - w h i c h  t h e y  w e r e  p l a c e d  u n d e r  v a c u u m  c o n d i t i o n  f o r  2  h o u r s  a t  2 0 0 ° C .  F r o m  
s i x  B E T  m e a s u r e m e n t s ,  a  S S A  o f  1 4 5 7 3 . 3 3  ±  9 6 4 . 0 5  c m 2 . g -1  w a s  o b t a i n e d  f o r  O P C  a n d  
1 1 2 8 1 2 . 5 0  ±  2 0 4 2 4 . 2 2  c m 2 . g -1  f o r  M e t a k a o l i n - 1  f r o m  t h r e e  m e a s u r e m e n t s .  C o m p a r i n g  
t h e  S S A  v a l u e s  o b t a i n e d  f r o m  t h e  t w o  t e c h n i q u e s ,  t h e  v a l u e s  o b t a i n e d  u s i n g  t h e  B E T  a r e  
a p p r o x i m a t e l y  5 . 2 - t o - 8 . 5  t i m e s  g r e a t e r  t h a n  t h e  v a l u e s  c a l c u l a t e d  f r o m  s t a t i c  l i g h t  
s c a t t e r i n g  r e s u l t s  d u e  t o  s p h e r i c a l  p a r t i c l e  s h a p e  a n d  n o  i n t e r n a l  p o r o s i t y  a s s u m p t i o n s  o f
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t h e  f o r m e r  [ 8 7 , 8 8 ] .  T h i s  i s  c o r r o b o r a t e d  b y  s t u d i e s  c o n d u c t e d  a t  t h e  N a t i o n a l  I n s t i t u t e  o f  
S t a n d a r d s  a n d  T e c h n o l o g y  b y  B u l l a r d  a n d  G a r b o c z i  [ 8 7 ]  a n d  G a r b o c z i  a n d  B u l l a r d  [ 8 8 ] .
T a b l e  2 .  M e d i a n  d i a m e t e r s  ( d v 50 )  a n d  s p e c i f i c  s u r f a c e  a r e a s  ( S S A s )  o f  q u a r t z ;  l i m e s t o n e ;  
a n d  m e t a k a o l i n .  T h e  P S D s  i n  t h i s  t a b l e  h a v e  b e e n  a s s i g n e d  s l i g h t l y  d i f f e r e n t  
d i s t i n g u i s h e r s  f r o m  t h e  P S D s  p r e s e n t e d  p r e v i o u s l y ,  t h a t  i s ,  “ M a t e r i a l - R # ” . T h e s e  
d i s t i n g u i s h e s  a r e  m e a n t  t o  r e f l e c t  t h a t  t h e s e  P S D s  w e r e  c r e a t e d  i n  a  “ r a n d o m ”  m a n n e r ,  
r e s p e c t i v e l y ,  a s  o p p o s e d  t o  s y s t e m a t i c  m a n n e r .
d v 5 0  [ ^ m ] S S A  [ c m 2 . g - 1 ]
L i m e s t o n e
L i m e s t o n e - R 1 2 5 . 7 3 2 1 0 8 . 0 6
L i m e s t o n e - R 2 4 2 . 2 9 1 5 7 7 . 1 3
L i m e s t o n e - R 3 6 9 . 2 7 1 0 5 4 . 1 0
L i m e s t o n e - R 4 2 2 . 1 3 2 4 5 9 . 7 0
L i m e s t o n e - R 5 2 3 . 3 6 2 2 8 3 . 3 5
L i m e s t o n e - R 6 3 3 . 2 1 1 7 5 5 . 0 8
Q u a r t z
Q u a r t z - R 1 2 . 5 2 1 1 3 1 9 . 1 0
Q u a r t z - R 2 2 . 2 1 1 2 6 1 6 . 9 1 1
Q u a r t z - R 3 1 . 8 7 1 4 9 7 0 . 0 8
Q u a r t z - R 4 1 . 8 0 1 5 5 0 2 . 1 7
Q u a r t z - R 5 2 . 0 2 1 3 1 3 8 . 6 8
Q u a r t z - R 6 2 . 1 8 1 2 1 2 8 . 8 7
Q u a r t z - R 7 2 . 3 0 1 1 3 5 5 . 5 9
M e t a k a o l i n
M e t a k a o l i n - R 1 1 0 . 3 4 1 1 4 7 2 . 5 4
M e t a k a o l i n - R 2 7 . 5 7 1 6 9 7 0 . 6 3
M e t a k a o l i n - R 3 5 . 2 8 1 8 8 2 8 . 4 7
M e t a k a o l i n - R 4 4 . 2 5 2 1 8 0 4 . 9 5
M e t a k a o l i n - R 5 4 . 4 7 2 1 1 8 0 . 5 3
M e t a k a o l i n - R 6 6 . 0 2 1 7 6 1 6 . 6 3
M e t a k a o l i n - R 7 4 . 1 4 2 2 1 3 6 . 9 8
2.2. METHODS
2.2.1. Experimental Methods. T h e  h y d r a t i o n  r a t e s  o f  t y p e  I / I I  O P C  a t  v a r y i n g  
r e p l a c e m e n t  l e v e l s  o f  m i n e r a l  a d d i t i v e s  w e r e  m o n i t o r e d  u s i n g  t h e  I - C a l  8 0 0 0  i s o t h e r m a l  
c a l o r i m e t r y  f o r  t h e  i n i t i a l  2 4  h o u r s  o f  h y d r a t i o n  a t  2 0 ° C .  F o r  a l l  s y s t e m s ,  [ O P C  +  m i n e r a l  
a d d i t i v e s ]  p o w d e r s  w e r e  m i x e d  f o r  3 0  s e c o n d s  b e f o r e  d e i o n i z e d  w a t e r  w a s  a d d e d  u s i n g  a
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l iq u id - to -s o lid  ra tio  o f  0 .4 5 . T h e  c o n s e q u e n t p a s te  w a s  th e n  h a n d -m ix e d  fo r  1 m in  b e fo re  
in se r tio n  in to  th e  ca lo r im e te r .
In  to ta l, iso th e rm a l c a lo r im e try  w a s  c o n d u c te d  o n  3 5 2  sy s te m s  (3 2 6  sy s te m s  w e re  
u ti l iz e d  as th e  tra in in g  d a ta se t, w h ile  2 6  ra n d o m  sy s te m s  as th e  te s t in g  d a ta s e t  fo r  M L  
p re d ic tio n s ) , m o s t  o f  w h ic h  w e re  c o n d u c te d  in  a  s y s te m a tic  fa s h io n  fo r  th e  t ra in in g  o f  
M L  m o d e ls  as o p p o se d  to  ra n d o m ly  fo r  te s t in g  o f  M L  m o d e ls . T w o  d if fe re n t  ty p e s  o f  
c e m e n t sy s te m s  w e re  s y s te m a tic a lly  m o n ito re d : sy s te m s  c o n ta in in g  1 m in e ra l a d d itiv e  (1 - 
a d d itiv e ) ; a n d  sy s te m s  c o n ta in in g  2  m in e ra l a d d itiv e s  (2 -a d d itiv e ) . F o r  1 -ad d itiv e  
sy s te m s, re p la c e m e n ts  o f  O P C  w ith  m e ta k a o lin , q u a rtz , s il ic a  fu m e , a n d  l im e s to n e  w e re  
im p le m e n te d  in  2 .5 %  re p la c e m e n t in c re m e n ts :  p a s te s  c o n ta in in g  M e ta k a o lin -1 , Q u a rtz -1 , 
a n d  L im e s to n e -1  e m p lo y e d  re p la c e m e n t le v e ls  u p  to  6 0 % ; w h ile  p a s te s  c o n ta in in g  S ilic a  
F u m e -1 , Q u a r tz -2 , Q u a r tz -3 , L im e s to n e -2 , a n d  L im e s to n e -3  e m p lo y e d  re p la c e m e n t le v e ls  
u p  to  3 0 % . F o r  2 -a d d it iv e  sy s te m s, re p la c e m e n ts  o f  O P C  w ith  m in e ra l a d d itiv e s  w e re  
im p le m e n te d  s lig h tly  d iffe re n tly . H e re in , re p la c e m e n ts  o f  M e ta k a o lin -1 , Q u a rtz -1 , S ilic a  
F u m e -1 , a n d  L im e s to n e -1  w e re  im p le m e n te d  in  5 .0 %  re p la c e m e n t in c re m e n ts :  p a s te s  
c o n ta in in g  M e ta k a o lin -1 , Q u a rtz -1 , a n d  L im e s to n e -1  e m p lo y e d  to ta l  re p la c e m e n t lev e ls  
u p  to  15 .0 % , 3 0 .0 % , 4 5 .0 %  a n d  6 0 .0 % ; w h ile  p a s te s  c o n ta in in g  S ilic a  F u m e -1  e m p lo y e d  
to ta l  re p la c e m e n t le v e ls  u p  to  1 5 .0 %  a n d  3 0 .0 % . In  a d d it io n  to  e x p e rim e n ts  c o n d u c te d  in  
a  sy s te m a tic  fa sh io n , 2 6  e x p e rim e n ts  w e re  c o n d u c te d  ra n d o m ly  fo r  te s t in g  o f  M L  m o d e ls . 
T h e se  ra n d o m  e x p e rim e n ts  e n c o m p a ss  b o th  1 -a d d itiv e  a n d  2 -a d d it iv e  s y s te m s  w ith  
ra n d o m ly  d e te rm in e d  re p la c e m e n t lev e ls , u t i l iz in g  P S D s  f ro m  b o th  T a b le  1 a n d  T a b le  2.
2.2.2. Database Collection and Assessment of Prediction Accuracy of ML 
Model. T h e  c u m u la tiv e  h e a t  a n d  h e a t  f lo w  ra te  c o rre s p o n d in g  to  th e  h y d ra tio n  o f  [O P C  +
m in e ra l a d d itiv e ]  p a s te  sy s te m s  c o lle c te d  f ro m  iso th e rm a l c a lo r im e try , d e s c r ib e d  in  
se c tio n  2 .0 , w e re  c o n s o lid a te d  in to  th e  tra in in g  d a ta b a se  (T a b le  3 ) a n d  th e  te s t in g  
d a ta b a se  (T a b le  4 ). T h e  t ra in in g  d a ta b a se  w a s  u s e d  fo r  tra in in g  th e  M L  m o d e l, an d  
s u b se q u e n tly  th e  te s t in g  d a ta b a se  w a s  u s e d  fo r  e v a lu a tin g  i ts  p re d ic tio n  p e rfo rm a n c e  (i.e ., 
a b il ity  to  p re d ic t  h y d ra tio n  h e a t  f lo w  ra te  a n d  c u m u la tiv e  h e a t  th a t  w e re  p re c lu d e d  fro m  
th e  tra in in g  d a ta b a se ) . T h e  t ra in in g  d a ta b a se  c o m p r ise d  o f  7 8 0 0  u n iq u e  d a ta - re c o rd s  fro m  
3 2 6  sy s te m s, w h e re in  th e  t im e -d e p e n d e n t c u m u la tiv e  h e a t  a n d  h e a t  f lo w  ra te  o f  e a ch  
m ix tu re  d e s ig n  a t e v e ry  h o u r  f ro m  0 to  2 4  h o u rs  a re  o u tp u ts . T h e  t ra in in g  d a ta b a se  
in c lu d e d  8 in p u ts  re la te d  to  p h y s ic o c h e m ic a l p ro p e r t ie s  o f  th e  sy s tem : m in e ra l a d d itiv e  
ty p e  (e .g ., 0 =  O P C ; 1 =  Q u a rtz ; 2  =  L im e s to n e ; 3 =  M e ta k a o lin ; 4  =  S ilic a  F u m e ; 5 =  
Q u a r tz  +  L im e s to n e ; 6 =  Q u a r tz  +  M e ta k a o lin ; 7 =  Q u a r tz  +  S ilic a  F u m e ; 8 =  L im e s to n e  
+  M e ta k a o lin ; 9 =  L im e s to n e  +  S ilic a  F u m e ; 10 =  M e ta k a o lin  +  S ilic a  F u m e ); m in e ra l 
a d d itiv e  ty p e  (U n itle ss ) ;  n o rm a liz e d  O P C  c o n te n t  (U n itle ss ) ;  n o rm a liz e d  a d d itiv e -1  
c o n te n t  (U n itle ss ) ; n o rm a liz e d  a d d itiv e -2  c o n te n t  (U n itle ss ) ;  S S A  o f  O P C  (c m 2. g -1); S S A  
o f  ad d itiv e -1  (c m 2. g -1); S S A  o f  a d d itiv e -2  (c m 2. g -1); a n d  t im e  (h o u r) . F o r  b o th  1 -ad d itiv e  
a n d  2 -a d d it iv e  sy s te m s, th e  m in e ra l a d d itiv e  re p la c e m e n t lev e l v a r ie d  as d e s c r ib e d  in  
se c tio n  2 .0 . S ta tis tic a l p a ra m e te rs  p e r ta in in g  to  th e  tra in in g  d a ta b a se  a re  sh o w n  in  T a b le
3. T h e  te s t in g  d a ta b a se  c o n s is te d  o f  3 1 2  u n iq u e  d a ta - re c o rd s  f ro m  2 6  sy s te m s  a n d  th e  
sa m e  8 in p u ts  a n d  2  o u tp u ts  as th e  tra in in g  d a ta b a se . T h e  t im e -d e p e n d e n t c u m u la tiv e  h e a t 
a n d  h e a t  f lo w  ra te  o f  e a c h  sy s te m  w e re  p re d ic te d  ev e ry  tw o  h o u rs  f ro m  0 to  2 4  h o u rs . T h e  
m in e ra l a d d itiv e  r e p la c e m e n t le v e ls  fo r  b o th  1 -a d d itiv e  a n d  2 -a d d it iv e  sy s te m  in  th e  
te s t in g  d a ta b a se  w e re  ra n d o m ly  se le c te d . S ta tis tic a l p a ra m e te rs  p e r ta in in g  to  th e  te s t in g
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d a ta b a se  a re  sh o w n  in  T a b le  4.
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In  th is  s tu d y , 5 u n iq u e  s ta tis tic a l p a ra m e te rs  —  P e rso n  c o rre la t io n  c o e ff ic ie n t  (R ); 
m e a n  a b so lu te  p e rc e n ta g e  e rro r  (M A P E ); c o e ff ic ie n t  o f  d e te rm in a tio n  (R 2); r o o t  m e a n  
s q u a re d  e rro r  (R M S E ); a n d  m e a n  a b s o lu te  e r ro r  (M A E ) —  w e re  to  q u a n tita tiv e ly  an d  
r ig o ro u s ly  a s se s s  th e  p re d ic tio n  p e rfo rm a n c e  o f  a  M L  m o d e l (R F ) a g a in s t  th e  te s t in g  
d a ta b a ses . M a th e m a tic a l  fo rm u la tio n s  fo r  e a c h  o f  th e s e  p a ra m e te rs  c a n  b e  fo u n d  
e ls e w h e re  [6 0 ,8 9 ].
T a b le  3. S u m m a ry  o f  fo u r  s ta tis tic a l p a ra m e te rs  re la te d  to  e a c h  o f  th e  10 a ttr ib u te s  (8 
in p u ts  a n d  2  o u tp u ts )  o f  th e  tra in in g  d a ta b a se . T h e  d a ta b a se  c o n s is ts  o f  7 8 0 0  u n iq u e  d a ta -
rec o rd s .
A ttr ib u te U n it M in im u m M a x im u m M e a n
S ta n d a rd
D e v ia tio n
M in e ra l A d d itiv e
T y p e
U n it le s s 0 .0 0 0 0 10 .0 0 0
N o rm a liz e d  O P C  
C o n te n t
U n it le s s 0 .2 6 5 0 0 .6 9 0 2 0 .4 6 7 0 0 .1 3 3 3
N o rm a liz e d  
A d d itiv e -1  C o n te n t
U n it le s s 0 .0 0 0 0 0 .4 1 3 6 0 .1 6 9 4 0 .1 1 0 5
N o rm a liz e d  
A d d itiv e -2  C o n te n t
U n it le s s 0 .0 0 0 0 0 .3 7 8 7 0 .0 5 0 7 0 .0 8 5 6
C e m e n t S S A c m 2 . g  1 1726 .5 1726 .5 1726 .5 0 .0 0 0 0
A d d itiv e -1  S S A 2 - 1 c m 2 . g  1 0 .0 0 0 0 1 9 8 0 0 0 2 2 6 5 9 4 3 3 9 2
A d d it iv e -2  S S A c m 2 . g  1 0 .0 0 0 0 1 9 8 0 0 0 3 4 3 5 9 7 1 681
T im e H o u r 1 .0 0 0 0 2 4 .0 0 0 12 .5 0 0 6 .9 2 2 2
C u m u la tiv e  H e a t J . g o p c  1 4 .1 6 2 0 3 1 2 .5 3 141 .75 83 .571
H e a t  F lo w m W . g o p c -1 0 .4 1 1 7 6 .0 2 9 8 2 .7 6 2 9 1 .2 4 3 7
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T a b le  4. S u m m a ry  o f  fo u r  s ta tis tic a l p a ra m e te rs  re la te d  to  e a c h  o f  th e  10 a ttr ib u te s  (8 
in p u ts  a n d  2  o u tp u ts )  o f  th e  te s t in g  d a ta b a se . T h e  d a ta b a se  c o n s is ts  o f  3 1 2  u n iq u e  d a ta -
rec o rd s .
A ttr ib u te U n it M in im u m M a x im u m M e a n
S ta n d a rd
D e v ia tio n
A d d it iv e  T y p e U n it le s s 0 .0 0 0 0 1 0 .0 0 0
N o rm a liz e d  C e m e n t 
C o n te n t
U n it le s s 0 .2 8 2 7 0 .6 1 3 2 0 .4 1 6 9 0 .1 1 8 6
N o rm a liz e d  
A d d itiv e -1  C o n te n t
U n it le s s 0 .0 6 9 0 0 .3 7 1 4 0 .1 9 6 1 0 .0 9 0 8
N o rm a liz e d  
A d d itiv e -2  C o n te n t
U n it le s s 0 .0 0 0 0 0 .3 1 7 1 0 .0 7 5 8 0 .0 9 5 5
C e m e n t S S A c m 2 . g  1 1726 .5 1726 .5 1726 .5 0 .0 0 0 0
A d d itiv e -1  S S A 2 - 1 c m 2 . g  1 1054.1 1 9 8 0 0 0 3 2 5 5 2 6 0 2 2 8
A d d it iv e -2  S S A c m 2 . g  1 0 .0 0 0 0 1 9 8 0 0 0 4 9 6 0 3 8 1 5 8 7
T im e H o u r 2 .0 0 0 0 2 4 .0 0 0 1 3 .0 0 0 6 .9 0 4 1
C u m u la tiv e  H e a t J . g o p c  1 16 .4 0 7 3 0 1 .2 0 161.21 8 4 .6 0 8
H e a t  F lo w m W . g o p c -1 0 .5 3 2 1 7 .2 0 1 2 2 .8 6 9 0 1.2483
3. RESULTS
3.1. EXPERIMENTAL ISOTHERMAL CALORIMETRY OF [OPC + MINERAL 
ADDITIVE] SYSTEMS
I so th e rm a l c a lo r im e try  w a s  u s e d  to  m e a s u re  th e  h y d ra tio n  ra te s  o f  O P C  th a t  w a s  
p a r t ia l ly  re p la c e d  b y  fo u r  m in e ra l a d d itiv e  ty p e s  (e .g . q u a rtz , lim e s to n e , m e ta k a o lin , an d  
s il ic a  fu m e ), in  1 -a d d itiv e  (F ig u re  2 )  a n d  2 -a d d it iv e  d e s ig n s  (F ig u re  3). F ig u re s  2  a n d  3 
s h o w  re p re s e n ta tiv e  h e a t  e v o lu tio n  p ro f ile s  o f  O P C  p a s te  sy s te m s  p re p a re d  b y  
su b s ti tu t in g  O P C  w ith  d if fe re n t  m in e ra l a d d itiv e s  a t v a r io u s  re p la c e m e n t lev e ls . In  F ig u re
2 ,  a l l  a d d i t i v e  r e p l a c e m e n t s  a p p e a r  t o  s i g n i f i c a n t l y  e n h a n c e  O P C  h y d r a t i o n  r a t e s ,  b y  
m e a n s  o f  a  l e f t w a r d  s h i f t  o f  t h e  m a i n  h y d r a t i o n  p e a k  —  i n d i c a t e d  b y  a  s h o r t e n e d  
i n d u c t i o n  p e r i o d  —  a n d  h i g h e r  h e a t  f l o w  r a t e  p e a k .  T h e  a c c e l e r a t i o n  o f  h y d r a t i o n  r a t e s  
i n c r e a s e s  w i t h  i n c r e a s i n g  a d d i t i v e  r e p l a c e m e n t  l e v e l  ( F i g u r e  2 a )  d u e  t o  t h e  f i l l e r  e f f e c t  
[ 1 9 - 2 1 ] —  a  p h e n o m e n o n  w h i c h  i n t e n s i f i e s  a s  t h e  t o t a l  s o l i d  s u r f a c e  a r e a  o f  t h e  s y s t e m  
i n c r e a s e s .
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( a )  ( b )  ( c )
F i g u r e  2 .  I s o t h e r m a l  c a l o r i m e t r y  d e t e r m i n a t i o n s  o f  t i m e - d e p e n d e n t  ( a )  h e a t  f l o w  r a t e  o f  
[ O P C  +  q u a r t z ]  s y s t e m s  a t  r e p l a c e m e n t  l e v e l s  v a r y i n g  f r o m  0  w t . %  t o  6 0  w t . % ,  a n d  ( b )  
h e a t  f l o w  r a t e  a n d  ( c )  c u m u l a t i v e  h e a t  r e l e a s e  o f  [ O P C  +  1 - a d d i t i v e ]  s y s t e m s  a t  
i d e n t i c a l  2 0  w t . %  r e p l a c e m e n t s  o f  l i m e s t o n e ;  q u a r t z ;  s i l i c a  f u m e ;  a n d  m e t a k a o l i n .  A l l  
c a l o r i m e t r y  m e a s u r e m e n t s  w e r e  r e c o r d e d  o v e r  t h e  i n i t i a l  2 4  h o u r s  o f  h y d r a t i o n .  
U n c e r t a i n t y  i n  h e a t  f l o w  r a t e  a t  t h e  m a i n  h y d r a t i o n  p e a k  i s  ±  2 % .
F i g u r e s  2 b  a n d  2 c  c o m p a r e  t h e  h e a t  e v o l u t i o n  p r o f i l e s  o f  O P C  r e p l a c e d  b y  t h e  
f o u r  m i n e r a l  a d d i t i v e s ,  w i t h  1 - a d d i t i v e  i n c l u d e d  i n  e a c h  s y s t e m ,  a t  t h e  i d e n t i c a l  
r e p l a c e m e n t  l e v e l  o f  2 0  w t .  % .  E a c h  s y s t e m  e x h i b i t s  a c c e l e r a t e d  h y d r a t i o n  r a t e s  
c o m p a r e d  t o  t h e  n e a t  s y s t e m ,  l a r g e l y  d u e  t o  t h e  filler effect [ 1 8 - 2 2 ] .  H o w e v e r ,  t h e  v a r y i n g  
d e g r e e s  o f  a c c e l e r a t i o n  ( F i g u r e  2 b )  a n d  c u m u l a t i v e  h e a t  r e l e a s e d  a t  2 4  h o u r s  ( F i g u r e  2 c )  
a r e  a  r e s u l t  o f  t h e  v a r y i n g  c h e m i c a l  a n d  p h y s i c a l  e f f e c t s  c o n s e q u e n t  o f  t h e  i n c l u s i o n  o f
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e a c h  m in e ra l a d d itiv e , as d is c u s s e d  in  s e c tio n  1.0. T h e se  sy s te m s  ( sh o w n  in  F ig u re  2 )  a re  
fa ir ly  s im p le  a n d  h a v e  b e e n  p re d ic te d  u s in g  tra d itio n a l  th e rm o -k in e tic  m o d e ls  
[1 8 ,1 9 ,2 1 ,2 2 ,5 7 ].
0% Metakaolln; 0% Limestone
—  0% Metakaolin; 60% Limestone
—  20% Metakaolin; 40% Limestone 
40% Metakaolin; 20% Limestone 
60% Metakaolin; 0% Limestone
0% Quartz; 0% Silica Fume
—  0% Quartz; 30% Silica Fume 
— 10% Quartz; 20% Silica Fume
—  20% Quartz; 10% Silica Fume 
30% Quartz; 0% Silica Fume
(c) (d )
F ig u re  3. Iso th e rm a l c a lo r im e try  d e te rm in a tio n s  o f  t im e -d e p e n d e n t 2 -a d d it iv e  sy s te m s, 
th a t  is , (a ) h e a t  f lo w  ra te  a n d  (b ) c u m u la tiv e  h e a t  re le a s e d  o f  [O P C  +  m e ta k a o lin  +  
l im e s to n e ]  sy s te m s  as r e p la c e m e n t le v e ls  r a n g in g  f ro m  0 %  to  6 0 %  w ith  r e s p e c t  to  e a ch  
a d d itiv e  in  th e  sy s te m ; a n d  (c) h e a t  f lo w  ra te  an d  (d )  c u m u la tiv e  h e a t  r e le a s e d  o f  [O P C  
+  q u a rtz  +  s il ic a  fu m e ] sy s te m s  as re p la c e m e n t le v e ls  r a n g in g  f ro m  0 %  to  3 0 %  w ith  
r e s p e c t  to  e a c h  a d d itiv e  in  th e  sy s tem . A ll c a lo r im e try  m e a s u re m e n ts  w e re  re c o rd e d  
o v e r  th e  in it ia l  2 4  h o u rs  o f  h y d ra tio n . U n c e r ta in ty  in  h e a t  f lo w  ra te  a t th e  m a in
h y d ra tio n  p e a k  is  ±  2% .
H o w e v e r , fo r  o n ly  s lig h tly  m o re -c o m p le x  O P C  sy s te m s , su c h  as th o se  re p re s e n te d  
b y  th e  h e a t  e v o lu tio n  p ro f ile s  sh o w n  in  F ig u re  3, w h ic h  s h o w  O P C  sy s te m s  p re p a re d  b y  
re p la c in g  O P C  w ith  2 -a d d it iv e s  a t d if fe re n t  r e p la c e m e n t lev e ls , th e  h y d ra tio n  p ro c e s s  o f
e a c h  s y s t e m  i s  m u c h  m o r e  d i f f i c u l t  t o  p r e d i c t  b y  t r a d i t i o n a l  m e a n s  d u e  t o  i n c r e a s e d  
c o m p o s i t i o n a l  d e g r e e s  o f  f r e e d o m .  [ O P C  +  m e t a k a o l i n  +  l i m e s t o n e ]  s y s t e m s  ( F i g u r e s  3 a  
a n d  3 b ) ,  a l t h o u g h  s h o w i n g  a c c e l e r a t e d  h e a t  f l o w  r a t e s  a n d  g r e a t e r  c u m u l a t i v e  h e a t  
r e l e a s e d  a t  2 4  h o u r s  c o m p a r e d  t o  t h e  n e a t  s y s t e m ,  e x h i b i t  n o  c l e a r  t r e n d s  i n  t e r m s  o f  t h e  
o c c u r r e n c e  o f  m a i n  h y d r a t i o n  p e a k  a n d  t h e  c u m u l a t i v e  h e a t  r e l e a s e d  a t  2 4  h o u r s  w i t h  
i n c r e a s i n g  r e p l a c e m e n t  l e v e l s .  W i t h  t h e  m a n y  b e h a v i o r s  m e t a k a o l i n  i s  k n o w n  t o  e x h i b i t  
i n  a  s i m p l e  s y s t e m  [ 1 8 , 5 7 ] ,  i t  i s  d i f f i c u l t  t o  d e t e r m i n e  w h i c h  m e c h a n i s m  d o m i n a t e s  i t s  
c o n t r i b u t i o n s  t o  t h e  a c c e l e r a t i o n  o f  O P C  h y d r a t i o n .  A d d i n g  a n o t h e r  l a y e r  o f  c o m p l e x i t y  i s  
t h e  i n c o r p o r a t i o n  o f  l i m e s t o n e ,  w h i c h ,  c a n  f o r m  c a r b o a l u m i n a t e  p h a s e s  i n  t h e  p r e s e n c e  o f  
a l u m i n a t e  p h a s e s  [ 1 4 , 8 2 - 8 6 ] .  H e a t  e v o l u t i o n  p r o f i l e s  c o r r e s p o n d i n g  t o  [ O P C  +  q u a r t z  +  
s i l i c a  f u m e ]  s y s t e m s ,  ( F i g u r e s  3 c  a n d  3 d )  a l s o  e x h i b i t  n o  c l e a r  t r e n d s  w i t h  i n c r e a s i n g  
r e p l a c e m e n t  l e v e l ,  w i t h  t h e  e x c e p t i o n  o f  a c c e l e r a t e d  h e a t  f l o w  r a t e s  a n d  g r e a t e r  
c u m u l a t i v e  h e a t  r e l e a s e d  a t  2 4  h o u r s  c o m p a r e d  t o  t h e  n e a t  s y s t e m .  H o w e v e r ,  i t  c a n  b e  
s p e c u l a t e d  t h a t  t h e  filler effect i s  t h e  d o m i n a t i n g  e f f e c t  i n  [ O P C  +  q u a r t z  +  s i l i c a  f u m e ]  
s y s t e m s .  E v e n  s o ,  i t  i s  t r u l y  u n k n o w n  i f  t h e  a c c e l e r a t e d  r a t e s  r e s u l t i n g  f r o m  t h e  
i n c o r p o r a t i o n  o f  q u a r t z  a n d  s i l i c a  f u m e  i n  t h i s  s t u d y  a r e  e q u i v a l e n t  o r  n o t .  T h e  
c o n t r i b u t i o n s  o f  a d d i t i v e  c h e m i s t r y  a n d / o r  p h y s i c a l  e f f e c t s  s u c h  a s  e f f e c t i v e  S S A  c a n  
p o t e n t i a l l y  v a r y  w i t h  b o t h  t h e  i n d i v i d u a l  r e p l a c e m e n t  l e v e l  a n d  t o t a l  r e p l a c e m e n t  l e v e l .
S u c h  c o m p l e x i t y ,  n o n e t h e l e s s ,  i s  e x p e c t e d  b e c a u s e  e a c h  i n p u t  v a r i a b l e  —  p e r t a i n i n g  t o  
e i t h e r  t h e  a d d i t i v e  c h e m i s t r y ,  m i x t u r e  d e s i g n ,  o r  S S A  —  c o n s i s t e n t l y  c a s t s  u n i q u e  a n d  
s i g n i f i c a n t  i m p a c t  o n  t h e  O P C  h y d r a t i o n ;  w h e n  m o r e  t h a n  o n e  i n p u t  v a r i a b l e  a r e  
c o n c o m i t a n t l y  a d j u s t e d  —  e s p e c i a l l y  h y d r a t i o n  m e c h a n i s m  —  t h e  c u m u l a t i v e  i m p a c t  o n  
p r o p e r t i e s  i s  e v e n  m o r e  c o m p l e x .  P r e c i s e l y  b e c a u s e  o f  s u c h  c o m p l e x i t i e s ,  d e r i v a t i o n  o f
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e m p i r i c a l ,  c o n c u r r e n t  p h y s i c a l  a n d  c h e m i c a l  p r o p e r t y  r e l a t i o n s h i p s  i n  O P C  h y d r a t i o n  i s  
n o t  f e a s i b l e  u s i n g  s i m p l e  s t a t i s t i c a l  a n d  a n a l y t i c a l  k i n e t i c  m o d e l s ;  m o r e  s o p h i s t i c a t e d  
m o d e l s  s u c h  a s  m a c h i n e  l e a r n i n g  a r e  n e e d e d  f o r  s u c h  t a s k s .
3.2. HEAT EVOLUTION PREDICTION OF [OPC + MINERAL ADDITIVE] 
SYSTEMS
A s  d e s c r i b e d  i n  s e c t i o n  4 . 0 ,  t h e  R F  m o d e l  w a s  t r a i n e d  u s i n g  t h e  t r a i n i n g  d a t a b a s e ;  
t h e r e a f t e r ,  t h e  p r e d i c t i o n  p e r f o r m a n c e  o f  t h e  t r a i n e d  M L  m o d e l  w a s  e v a l u a t e d  a g a i n s t  t h e  
t e s t i n g  d a t a b a s e .  T o  m a x i m i z e  t h e  R F  m o d e l ’ s  p r e d i c t i o n  p e r f o r m a n c e ,  i t  i s  i m p o r t a n t  t o  
a s c e r t a i n  t h a t :  i n p u t s - o u t p u t  c o r r e l a t i o n s  a r e  p r o p e r l y  e s t a b l i s h e d ;  o u t l i e r s  a r e  a c c o u n t e d  
f o r ;  a n d  v a r i a n c e  a n d  b i a s  a m o n g  t r e e s  ( i . e . ,  C A R T s )  o f  t h e  m o d e l  a r e  k e p t  a s  l o w  a s  
p o s s i b l e .  T o  a c c o m p l i s h  t h e s e  o b j e c t i v e s ,  t h e  t w o  h y p e r - p a r a m e t e r s  o f  t h e  R F  m o d e l  ( i . e . ,  
n u m b e r  o f  t r e e s  i n  t h e  f o r e s t ;  a n d  n u m b e r  o f  l e a v e s  p e r  t r e e )  w e r e  r i g o r o u s l y  o p t i m i z e d  
b a s e d  o n  t h e  n a t u r e  a n d  v o l u m e  o f  t h e  d a t a b a s e .  I n  t h i s  s t u d y ,  f o r  s u c h  o p t i m i z a t i o n s ,  t h e  
g r i d - s e a r c h  m e t h o d  [ 9 0 , 9 1 ]  w a s  u s e d .  T h i s  m e t h o d  i n v o l v e s  a u t o n o m o u s ,  i t e r a t i v e  
v a r i a t i o n s  i n  t h e  h y p e r - p a r a m e t e r s  —  w h i l e  c o n c u r r e n t l y  e m p l o y i n g  t h e  1 0 - f o l d  C V  
m e t h o d  [ 9 2 ]  —  t o  d e t e r m i n e  o p t i m a l  v a l u e s  o f  h y p e r - p a r a m e t e r s  t h a t  r e s u l t  i n  a  m i n i m u m  
d e v i a t i o n  b e t w e e n  R F  m o d e l  p r e d i c t i o n s  a n d  m e a s u r e d  v a l u e s .  T h e  a f o r e s a i d  d e v i a t i o n  
b e t w e e n  p r e d i c t i o n s  a n d  o b s e r v a t i o n s  i s  q u a n t i f i e d  u s i n g  a l l  f i v e  s t a t i s t i c a l  p a r a m e t e r s  
l i s t e d  i n  s e c t i o n  4 . 0  ( i . e . ,  R ;  R 2 ; M A E ;  M A P E ;  a n d  R M S E ) .  S i m p l y  p u t ,  h y p e r ­
p a r a m e t e r s  a r e  d e t e r m i n e d  t o  b e  o p t i m a l  w h e n  R  a n d  R 2  a r e  a t  ( o r  c l o s e  t o )  t h e i r  g l o b a l  
m a x i m u m ,  w h i l e  M A E ,  M A P E ,  a n d  R M S E  a r e  a t  ( o r  c l o s e  t o )  t h e i r  g l o b a l  m i n i m u m .
T h e  r e p r e s e n t a t i v e  r e s u l t s  o f  t h e  R F  m o d e l ,  w h i c h  w e r e  o b t a i n e d  f r o m  t h e  g r i d -  
s e a r c h  m e t h o d ,  a r e  s h o w n  i n  F i g u r e  4 .  T h e  s t a t i s t i c a l  p a r a m e t e r s  t h a t  w e r e  u s e d  t o
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m e a s u r e  t h e  d e v i a t i o n  b e t w e e n  p r e d i c t i o n s  a n d  m e a s u r e d  v a l u e s  o f  c u m u l a t i v e  h e a t  f l o w  
a n d  h e a t  f l o w  r a t e  ( a v e r a g e d  o v e r  t h e  2 4 - h o u r s  p e r i o d )  a r e  M A P E  a n d  R 2  O n  t h e  b a s i s  o f  
M A P E  a n d  R 2 , t h e  o p t i m a l  p r e d i c t i o n  p e r f o r m a n c e  o f  t h e  R F  m o d e l  f o r  t h e  c u m u l a t i v e  
h e a t  p r e d i c t i o n  o c c u r r e d  f o r  c o m m o n  v a l u e s  o f  t h e  t w o  h y p e r - p a r a m e t e r s :  t h a t  i s ,  number 
o f trees in the forest  =  8 0 0 ;  a n d  number o f splits in each tree =  5 .  M o r e o v e r ,  t h e  R F  
m o d e l  s t r u c t u r e d  u s i n g  8 0 0  t r e e s  a n d  5  s p l i t s  p r o d u c e d  a c c u r a t e  p r e d i c t i o n  o f  t h e  h e a t  
f l o w  r a t e  a s  w e l l .  T h e r e f o r e ,  8 0 0  t r e e s  a n d  5  s p l i t s  w e r e  s e l e c t e d  a s  o p t i m a l  h y p e r ­
p a r a m e t e r s  f o r  f u r t h e r  p r e d i c t i o n s  i n  t h i s  s t u d y .  W h e n  t h e  number o f splits w a s  l e s s  t h a n  
5 ,  l o g i c a l  s p l i t s  i n  t h e  d a t a b a s e s  w e r e  n u m e r i c a l l y  i n a d e q u a t e  a n d  t o o  s i m p l i s t i c  t o  f u l l y  
e n c o m p a s s  t h e  c o m p l e x ,  u n d e r l y i n g  c o r r e l a t i o n s  b e t w e e n  i n p u t s  a n d  o u t p u t .  W h e n  t h e  
number o f splits w a s  l a r g e r  t h a n  5 ,  t h e  c o m p l e x  s t r u c t u r e  o f  t h e  t r e e s  ( C A R T s )  
h e i g h t e n e d  t h e  l i k e l i h o o d  o f  b i a s ,  w h i c h  i n  t u r n  r e s u l t e d  i n  o v e r f i t t i n g .  L i k e w i s e ,  w h e n  
t h e  number o f trees w a s  l e s s  t h a n  8 0 0 ,  t h e  R F  m o d e l  d i d  n o t  h a v e  e n o u g h  i n d e p e n d e n t  
b o o t s t r a p s  t o  p r o d u c e  a c c u r a t e  p r e d i c t i o n s  ( f o r  n e w  O P C  s y s t e m s  i n  t h e  t e s t i n g  d a t a s e t ) .  
H o w e v e r ,  w h e n  e x c e s s i v e  t r e e s  ( i . e . ,  > 8 0 0 )  w e r e  u s e d ,  w h i l e  t h e  c o m p u t a t i o n a l  
c o m p l e x i t y  o f  t h e  m o d e l  i n d u b i t a b l y  i n c r e a s e d ,  t h e  p r e d i c t i o n  p e r f o r m a n c e  d i d  n o t  
i m p r o v e  ( a k i n  t o  law o f diminishing returns [ 9 3 , 9 4 ] ) .  T h i s  i s  h y p o t h e s i z e d  t o  b e  c a u s e d  
b y  i n c r e a s e d  r e d u n d a n c y  a m o n g  t h e  t r e e s .  M o r e  s p e c i f i c a l l y ,  i t  i s  e x p e c t e d  t h a t  —  i n  t h e  
f o r e s t  w i t h  > 8 0 0  t r e e s ,  a l l  o f  w h i c h  w e r e  m e a n t  t o  b e  d i s t i n c t  —  s e v e r a l  t r e e s  ( t h a t  w e r e  
f o r c e d  t o  b e  g r o w n  f r o m  s i m i l a r  b o o t s t r a p s )  e n d e d  u p  h a v i n g  s i m i l a r  s t r u c t u r e s ,  a n d ,  
t h e r e f o r e ,  p r o d u c e d  s i m i l a r  p r e d i c t i o n s ;  t h e r e b y ,  r e s u l t i n g  i n  l i t t l e  t o  n o  i m p r o v e m e n t  i n  
t h e  R F  m o d e l ’ s  o v e r a l l  p r e d i c t i o n  a c c u r a c y .
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o No. Splits = 1 
□ No. Splits = 3 
a  No. Splits = 5 
o No. Splits = 7
( c )  ( d )
F i g u r e  4 .  G r i d - s e a r c h  m e t h o d  u s e d  t o  o p t i m i z e  h y p e r - p a r a m e t e r s  (number o f trees in 
the forest; a n d  number o f splits in each tree) o f  t h e  R F  m o d e l  t o  i m p r o v e  i t s  p r e d i c t i o n  
p e r f o r m a n c e  a g a i n s t :  ( a )  c u m u l a t i v e  h e a t  f l o w ,  a s  e v a l u a t e d  b y  M A P E ;  ( b )  c u m u l a t i v e  
h e a t  f l o w ,  a s  e v a l u a t e d  b y  R 2 ; ( c )  h e a t  f l o w  r a t e ,  a s  e v a l u a t e d  b y  M A P E ;  a n d  ( d )  h e a t
f l o w  r a t e ,  a s  e v a l u a t e d  b y  R 2 .
P r e d i c t i o n  p e r f o r m a n c e  u s i n g  h e a t  e v o l u t i o n  d a t a ,  r e l a t e d  t o  t h e  k i n e t i c s  o f  t h e  h y d r a t i o n  
r e a c t i o n  c o r r e s p o n d i n g  t o  [ O P C  +  m i n e r a l  a d d i t i v e ]  s y s t e m s ,  a r e  c o m p a r e d  —  i n  t h e  f o r m  
o f  t h e  f i v e  s t a t i s t i c a l  p a r a m e t e r s  —  a g a i n s t  e x t r a c t e d  p h y s i c a l  v a l u e s  i n  F i g u r e s  5 - 7  f o r  
e v e r y  t w o  h o u r s .  T h e  s t a t i s t i c a l  p a r a m e t e r s  ( a v e r a g e d  o v e r  t h e  2 4 - h o u r s  p e r i o d  o f  
h y d r a t i o n )  c o r r e s p o n d i n g  t o  t h e  t e s t i n g  s e t  a r e  i t e m i z e d  i n  T a b l e  5 .  F i g u r e  7  s h o w s  
r e p r e s e n t a t i v e  p r e d i c t e d  r e s u l t s  a g a i n s t  t h e  m e a s u r e d  v a l u e s ;  f o r  r e f e r e n c e ,  t h e  e n t i r e  
c u m u l a t i v e  h e a t  a n d  h e a t  f l o w  r a t e  s p e c t r u m  o f  r e p r e s e n t a t i v e  s y s t e m s  f r o m  c a l o r i m e t r y  
e x p e r i m e n t s  a r e  i n c l u d e d  t o  e x h i b i t  a  v i s u a l  c o m p a r i s o n  b e t w e e n  p r e d i c t e d  v a l u e s  a n d
m e a s u r e d  v a l u e s .
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Table 5. Prediction performance of ML models, measured on the basis of the cumulative 
heat release and heat flow rate of cement pastes in the testing database. Five statistical 
parameters (i.e., R, R2, MAE, MAPE, and RMSE) -  averaged over the period of 24 hours 
-  and the composite performance index (CPI) are shown.
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Figure 5. Statistical parameters describing errors in prediction of cumulative heat 
release of pastes over a 24-hour period in the testing database: (a) Person correlation 
coefficient (R); (b) coefficient of determination (R2); (c) root mean squared error 
(RMSE); (d) mean absolute percentage error (MAPE); and (e) mean absolute error




Figure 6. Statistical parameters describing errors in prediction of heat flow rate of 
pastes over a 24-hour period in the testing database: (a) Person correlation coefficient 
(R); (b) coefficient of determination (R2); (c) root mean squared error (RMSE); (d) 
mean absolute percentage error (MAPE); and (e) mean absolute error (MAE) as
functions of time.
As can be seen in Table 5, predictions of heat flow rate and cumulative heat, as 
produced by the RF model, are accurate. The prediction of heat flow rate had a Pearson 
correlation coefficient (R) value of 0.965 and a root mean squared error (RMSE) value of 
0.331 mW. go p c - 1 , while the prediction of the cumulative heat had a Pearson correlation 
coefficient (R) value of 0.983 and a root mean squared error (RMSE) value of 11.669 J. 
go p c - 1 . In Figures 5 and 6, it is worth pointing out that the prediction for early-age 
hydration reaction behavior reveals lower accuracy than the prediction for later hours 
because of significant variations among pastes. For example, the hydration reaction needs 
to experience three stages — the initial period, induction period, and acceleration period
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—  w i t h i n  t h e  f i r s t  2 - t o - 4  h o u r s ,  a n d  e a c h  s t a g e  e x h i b i t s  a  u n i q u e  “ f o o t p r i n t ”  ( e . g . ,  d i s t i n c t  
k i n e t i c  b e h a v i o r s )  c o r r e s p o n d i n g  t o  d i f f e r e n t  m e c h a n i s m s .  H o w e v e r ,  h y d r a t i o n  u n d e r g o e s  
o n l y  t w o  s t a g e s  ( i . e . ,  t h e  acceleration period  a n d  deceleration period) f o r  t h e  l a t t e r  
t w e n t y  h o u r s ,  d u r i n g  w h i c h  t h e  k i n e t i c  b e h a v i o r  i s  o c c u r r i n g  a t  a  s i g n i f i c a n t l y  s l o w e r  
r a t e .  A s  s e e n  i n  F i g u r e  7  ( g - h ) ,  t h e  p r e d i c t i o n  o f  t h e  p a s t e  c o n t a i n i n g  m e t a k a o l i n  
r e p l a c e m e n t  p r e s e n t e d  r e l a t i v e l y  l o w e r  a c c u r a c y  c o m p a r e d  t o  o t h e r  [ O P C  +  m i n e r a l  
a d d i t i v e ]  s y s t e m s  w i t h o u t  m e t a k a o l i n .  T h e  m o s t  p l a u s i b l e  r e a s o n  i s  t h a t  t h e  v o l u m e  o f  t h e  
t r a i n i n g  d a t a b a s e  u s e d  i s  n o t  l a r g e  e n o u g h ,  d e s p i t e  c o n t a i n i n g  m o r e  t h a n  3 0 0  u n i q u e  
c o m p o s i t i o n s  ( i . e . ,  O P C  s y s t e m s ) .  T h e  i n c l u s i o n  o f  m o r e  d a t a - r e c o r d s  i n t o  t h e  d a t a b a s e  
w i l l  e n h a n c e  i t s  v o l u m e  a n d  d i v e r s i t y ,  w h i c h  w i l l ,  i n  t u r n ,  f u r t h e r  r e d u c e  t h e  m o d e l ’ s  
p r e d i c t i o n  e r r o r s ,  e s p e c i a l l y  e r r o r s  f o r  t h e  m e t a k a o l i n  s y s t e m ,  t h e r e b y  m a k i n g  t h e  m o d e l  
m o r e  a m e n a b l e  f o r  o p t i m i z a t i o n - b a s e d  t a s k s .
T h e  h i g h - f i d e l i t y  p r e d i c t i o n  o f  c u m u l a t i v e  h e a t  a n d  h e a t  f l o w  r a t e  f r o m  t h e  R F  
m o d e l  i s  e x p e c t e d  b e c a u s e  s e v e r a l  p a s t  s t u d i e s  h a v e  a l r e a d y  r e p o r t e d  t h a t  t h e  R F  m o d e l  
p r o d u c e s  s u p e r i o r  p r e d i c t i o n s  o f  m a t e r i a l s ’  p r o p e r t i e s  [ 6 0 - 6 2 , 8 0 , 8 9 , 9 5 , 9 6 ] .  T h i s  d i s p a r i t y  
i n  t h e  R F  m o d e l ’ s  p r e d i c t i o n  p e r f o r m a n c e  v i s - a - v i s  o t h e r  M L  m o d e l s  c a n  b e  t r a c e d  b a c k  
t o  t h e  f o r m e r  m o d e l ’ s  s t r u c t u r e ,  w h i c h  g i v e s  i t  s e v e r a l  a d v a n t a g e s  [ 9 3 , 9 7 , 9 8 ] .  I n  t h e  R F  
m o d e l ,  a  l a r g e  n u m b e r  o f  t r e e s  ( i . e . ,  n u m b e r  o f  C A R T s  > > 1 0 0 )  a r e  g r o w n ,  o n e - b y - o n e  i n  
a  r e c u r s i v e  m a n n e r  b y  u s i n g  r a n d o m l y - s e l e c t e d  b o o t s t r a p s  o f  i d e n t i c a l  v o l u m e ;  a s  s u c h ,  
g e n e r a l i z a t i o n  e r r o r s  ( l i k e l i h o o d  o f  o v e r f i t t i n g )  a r e  m i n i m i z e d  [ 9 9 ] .  A s  e a c h  t r e e  i s  
p e r m i t t e d  t o  g r o w  —  a n d  n o t  p r u n e d  o r  s m o o t h e n e d  a t  a l l  —  u n t i l  i t  r e a c h e s  i t  m a x i m u m  















































e n s u rin g  th a t  s e e m in g ly  a n o m a lo u s  d a ta - re c o rd s  ( i.e ., o u tlie rs  w ith  re s p e c t  to  a lre ad y  
e s ta b lis h e d  tre n d s )  a re  n o t  ig n o re d  o r  re m o v e d  d u r in g  an y  s ta g e  o f  th e  t ra in in g  p ro ce ss .
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F ig u re  7. T h e  R F  m o d e l’s p re d ic tio n s  of: (a )  c u m u la tiv e  h e a t  a n d  (b )  h e a t  f lo w  ra te  o f  
[O P C  +  s il ic a  fu m e ]; (c )  c u m u la tiv e  h e a t  a n d  (d )  h e a t  f lo w  ra te  o f  [O P C  +  lim e s to n e ];
(e) c u m u la tiv e  h e a t  a n d  (f)  h e a t  f lo w  ra te  o f  [O P C  +  s il ic a  fu m e  +  l im e s to n e ];  a n d  (g ) 
c u m u la tiv e  h e a t  a n d  (h )  h e a t  f lo w  ra te  o f  [O P C  +  m e ta k a o lin  +  l im e s to n e ]  c o m p a re d  
a g a in s t e x p e rim e n ta l m e a su re m e n ts . M e a n  a b so lu te  e rro r  (M A E ) o f  e a c h  p re d ic tio n  is  
sh o w n  in  th e  fig u re . T h e  o v e ra ll m e a n  a b so lu te  e rro rs  (M A E ) o f  th e  p re d ic tio n s  a re







F u r t h e r m o r e ,  t h e  R F  m o d e l  e m p l o y s  t w o - s t a g e  r a n d o m i z a t i o n ,  w h i c h  g o e s  a  l o n g  w a y  i n  
e n s u r i n g  t h a t  e a c h  o f  t h e  deep, unpruned t r e e s ,  i s  d i s t i n c t  i n  i t s  s t r u c t u r e  a n d  d o e s  n o t  
e x h i b i t  a n y  d e p e n d e n c y  t o  t h e  r e s t  o f  t h e  t r e e s  i n  t h e  f o r e s t .  S u c h  i n d e p e n d e n c y  a m o n g  
t h e  t r e e s  i s  c r u c i a l  b e c a u s e  i t  e n s u r e s  t h a t  p r e d i c t i o n s  p r o d u c e d  b y  t h e  t r e e s  a r e  t r u l y  
i n d e p e n d e n t  o f  e a c h  o t h e r ;  w h i c h  i n  t u r n ,  r e s u l t s  i n  l o w  v a r i a n c e  i n  t h e  f i n a l  p r e d i c t i o n s  
( i . e . ,  a v e r a g e  o f  p r e d i c t i o n s  f r o m  a l l  t r e e s ) .  L a s t l y ,  t h e  R F  m o d e l  i s  e a s y  t o  i m p l e m e n t  
b e c a u s e  t h e  number o f trees in the forest  a n d  number o f splits in each tree a r e  t h e  o n l y  
t w o  h y p e r - p a r a m e t e r s  t h a t  a r e  r e q u i r e d  a s  i n p u t s  f r o m  t h e  u s e r .  A d j u s t i n g  t h e s e  
p a r a m e t e r s  t h r o u g h  t r i a l - a n d - e r r o r  i s  g e n e r a l l y  c u m b e r s o m e  a n d  t i m e - c o n s u m i n g ,  a n d  
c o u l d  c o m p r o m i s e  p r e d i c t i o n  p e r f o r m a n c e  [ 1 0 0 ] .  T h e r e f o r e ,  i n  t h i s  s t u d y ,  w e  u s e d  t h e  
g r i d - s e a r c h  m e t h o d  a l o n g  w i t h  t h e  1 0 - f o l d  C V  m e t h o d  ( s e e  F i g u r e s  4 )  f o r  s u c h  
a d j u s t m e n t s .
3.3. OPTIMIZATION OF [OPC + MINERAL ADDITIVE] MIXTURE DESIGN
T h e  r e s u l t s  a n d  d i s c u s s i o n  s h o w n  i n  t h e  a b o v e  s e c t i o n  h a v e  p r o v e n  t h a t  t h e  R F  
m o d e l  —  a n d  f u r t h e r  M L  i n  g e n e r a l  —  c a n  b e  u t i l i z e d  t o  p r e d i c t  t h e  t i m e - d e p e n d e n t  h e a t  
f l o w  r a t e  a n d  c u m u l a t i v e  h e a t  c o r r e s p o n d i n g  t o  t h e  h y d r a t i o n  r e a c t i o n  o f  [ O P C  +  m i n e r a l  
a d d i t i v e ]  s y s t e m s  —  i n  r e l a t i o n  t o  a d d i t i v e  r e p l a c e m e n t  l e v e l  a n d  p a r t i c l e  s i z e  d i s t r i b u t i o n  
—  i n  a  h i g h - f i d e l i t y  m a n n e r .  T h e  a u t h o r s ,  t h e r e f o r e ,  p o s i t  t h a t  t h i s  a b i l i t y  o f  t h e  R F  
m o d e l  —  t o  u n d e r s t a n d  h i d d e n  c o r r e l a t i o n s  b e t w e e n  p h y s i o c h e m i c a l  a t t r i b u t e s  o f  t h e  
p a s t e  a n d  h y d r a t i o n  b e h a v i o r  o f  c e m e n t  i n  s u c h  p a s t e s  —  c a n  b e  l e v e r a g e d  t o  d e v e l o p  
o p t i m a l  m i x t u r e  d e s i g n  o f  [ O P C  +  m i n e r a l  a d d i t i v e ]  s y s t e m s  t h a t  e x h i b i t  t a r g e t  ( u s e r -  
i m p o s e d )  h y d r a t i o n  b e h a v i o r .  T o  v e r i f y  t h i s ,  a n  o p t i m i z a t i o n  s c h e m e  w a s  d e s i g n e d  t o
a c c e p t  th re e  ta rg e t  c a lo r im e tr ic  fe a tu re s  -  th e  h e a t  f lo w  ra te  c o rre s p o n d in g  to  th e  m a in  
h y d ra tio n  p eak ; t im e  c o rre s p o n d in g  to  th e  o c c u rre n c e  o f  th e  m a in  h y d ra tio n  p eak ; a n d  th e  
s lo p e  o f  h e a t  f lo w  c u rv e  d u r in g  th e  a c c e le ra tio n  p e r io d  -  as in p u ts , a lo n g  w ith  s e le c te d  
m ix tu re  d e s ig n  in p u ts . T h e n , th e  B a y e s ia n  o p tim iz a tio n  a p p ro a c h  [1 0 1 ,1 0 2 ]  w a s  
e m p lo y e d , w h e re in  th e  R F  m o d e l w a s  in v o k e d  to  le v e ra g e  i ts  k n o w le d g e  o f  c o m p o s itio n -  
re a c tiv ity  c o rre la tio n s  (o b ta in e d  d u r in g  its  tra in in g  a n d  v a lid a tio n )  to  re v e a l th e  o p tim a l 
m in e ra l a d d itiv e  ty p e , a d d itiv e  S S A , a n d  a d d itiv e  re p la c e m e n t lev e l, w h ic h  in  
c o m b in a tio n  w o u ld  y ie ld  a  c a lo r im e try  p ro f i le  fe a tu r in g  th e  ta rg e t  (u se r - im p o s e d )  
c a lo r im e tr ic  fe a tu re s  ( i.e ., s lo p e  o f  a c c e le ra tio n ; t im e  o f  m a in  h y d ra tio n  p eak ; a n d  h e a t 
f lo w  ra te  a t th e  m a in  h y d ra tio n  p eak ). T o  th e  b e s t  o f  a u th o rs ’ k n o w le d g e , n o  k in e tic  
m o d e ls  re p o r te d  in  p re v io u s  s tu d ie s  a re  c a p a b le  o f  p ro d u c in g  su c h  re v e rs e  p re d ic tio n s  o f  
th e  m ix tu re  d e s ig n  ( i.e ., m in e ra l a d d itiv e  ty p e , S S A , a n d  re p la c e m e n t le v e l)  u s in g  h e a t 
e v o lu tio n  s ig n a tu re s  as in p u ts .
D u r in g  th e  o p tim iz a tio n  p ro c e ss , fo u r  v a r ia b le s  w e re  u s e d  as th e  p r im a ry  in p u ts :  
th e  h e a t  f lo w  ra te  c o rre s p o n d in g  to  th e  m a in  h y d ra tio n  p e a k  (J. gopc-1); t im e  
c o rre s p o n d in g  to  th e  o c c u rre n c e  o f  th e  m a in  h y d ra tio n  p e a k  (h o u r) ; s lo p e  o f  th e  
a c c e le ra tio n  p e r io d  (J. gopc-1. h o u r-1); a n d  n o rm a liz e d  w a te r  m a s s  (u n itle s s ) . T h e  
o p tim iz a tio n  p ro c e s s  —  a lto g e th e r , c o m p rise d  o f  th re e  s te p s  —  w a s  u ti l iz e d  to  d e te rm in e  
p h y s ic o c h e m ic a l in fo rm a tio n  c o rre s p o n d in g  to  th e  re le v a n t  m in e ra l a d d itiv e , w h ic h  w e re  
s u b se q u e n tly  u s e d  to  a c h ie v e  th e  ta rg e te d  h e a t  f lo w  ra te  s ig n a tu re  c o rre s p o n d in g  to  1- 
a d d itv e  sy s te m s. (I)  In it ia lly , th e  R F  m o d e l w a s  u s e d  to  p re d ic t  th e  m in e ra l a d d itiv e  ty p e  
(u n itle s s )  p re s e n t  in  e a c h  c e m e n t sy s te m  u s in g  th e  a fo re m e n tio n e d  fo u r  in p u ts . (II)  T h e  
o u tp u t  m in e ra l a d d itiv e  ty p e  w a s  th e n  u til iz e d  as an  a d d itio n a l, s e c o n d a ry  in p u t ( i.e ., in
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a d d itio n a l to  th e  p r im a ry  in p u ts )  to  c o n se c u tiv e ly  p re d ic t  th e  m in e ra l a d d it iv e ’s S S A  
(c m 2. g -1). ( III)  In  th e  f in a l s tep , b o th  th e  m in e ra l a d d itiv e  ty p e  a n d  th e  S S A  o f  th e  
m in e ra l a d d itiv e , p re d ic te d  in  s te p s  (I)  a n d  (II), re sp e c tiv e ly , w e re  u t i l iz e d  as a d d itio n a l, 
s e c o n d a ry  in p u ts  a d ju n c t  to  th e  p r im a ry  in p u ts  to  p re d ic t  th e  re p la c e m e n t lev e l o f  th e  
re le v a n t  m in e ra l a d d itiv e . T h e  tra in in g  d a ta se t c o n s is te d  o f  2 0 8  1 -a d d itiv e  sy s te m s; w h ile  
th e  ta rg e t  c a lo r im e tr ic  p a ra m e te rs  w e re  e x tra c te d  f ro m  s ix  1 -a d d itv e  sy s te m s  (se e  F ig u re  
8) th a t  w e re  ra n d o m ly  se le c te d  f ro m  th e  te s t in g  d a ta se t u s e d  in  se c tio n  5 .2 . R e s u lts  
o b ta in e d  f ro m  th e  o p tim iz a tio n s , c o rre s p o n d in g  to  th e  1 -ad d itiv e  sy s te m s, a re  sh o w n  in  
T a b le  6. H e re , th e  o p tim a l v a lu e s  o f  m in e ra l a d d it iv e  ty p e , a d d itiv e  re p la c e m e n t lev e l, 
a n d  a d d it iv e ’s S S A  -  as  p ro d u c e d  b y  th e  R F  m o d e l -  a re  c o m p a re d  a g a in s t a c tu a l v a lu e s .
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F ig u re  8. Iso th e rm a l c a lo r im e try  p ro f ile s  o f  (a) [O P C  +  lim e s to n e ];  (b ) [O P C  +  q u a rtz ]; 
a n d  (c )  [O P C  +  m e ta k a o lin ] . T h e se , a n d  h e a t  e v o lu tio n  p ro f ile s  o f  th re e  o th e r  1- 
a d d itiv e  sy s te m s, w e re  ra n d o m ly  se le c te d  f ro m  th e  te s t in g  d a ta b a se . F ro m  th e se  
p ro file s , h e a t  f lo w  ra te  a n d  t im e  o f  th e  m a in  h y d ra tio n  p e a k  (m a rk e d  b y  re d  c irc le ) , an d  
s lo p e  o f  th e  a c c e le ra tio n  p e r io d  (m a rk e d  b y  re d  d a sh e d  lin e )  w e re  e x tra c te d ; an d  
s u b se q u e n tly  u s e d  as in p u ts  ( ta rg e t  c a lo r im e tr ic  p a ra m e te rs )  fo r  m ix tu re  d e s ig n
o p tim iz a tio n .
A s  c a n  b e  se en  in  T a b le  6, th e  o p tim iz a tio n  o f  m in e ra l a d d itiv e  ty p e  w a s  
su c c e ss fu l, a n d  th e  p re d ic tio n s  o f  a d d itiv e  S S A  a n d  re p la c e m e n t lev e l a re  re a s o n a b ly
Table 6. Optimization results of six 1-additive systems compared against actual values of additive type, additive
r e p l a c e m e n t  l e v e l ,  a n d  a d d i t i v e  S S A .
1 1 %  L i m e s t o n e 5 3 %  Q u a r t z 2 3 %  M e t a k a o l i n
A c t u a l P r e d i c t e d E r r o r  ( % ) A c t u a l P r e d i c t e d E r r o r  ( % ) A c t u a l P r e d i c t e d E r r o r  ( % )
A d d i t i v e  T y p e 2 2 0 1 1 0 3 3 0
A d d i t i v e  
R e p l a c e m e n t  
L e v e l  ( % )
1 1 7 . 9 2 7 . 9 0 5 3 4 8 . 9 7 . 6 4 2 3 2 4 . 6 7 . 1 7
A d d i t i v e  S S A  
( c m 2  g 1 )
1 5 7 7 1 6 7 6 6 . 3 0 1 5 5 0 2 1 6 7 4 4 8 . 0 1 2 1 8 0 4 . 9 5 2 1 6 0 8 0 . 9 0
1 8 %  S i l i c a  F u m e 2 3 %  S i l i c a  F u m e 1 3 %  Q u a r t z
A c t u a l P r e d i c t e d E r r o r  ( % ) A c t u a l P r e d i c t e d E r r o r  ( % ) A c t u a l P r e d i c t e d E r r o r  ( % )
A d d i t i v e  T y p e 4 4 0 4 4 0 1 1 0
A d d i t i v e  
R e p l a c e m e n t  
L e v e l  ( % )
1 8 2 1 . 7 2 1 . 0 3 2 3 2 8 . 3 2 3 . 3 0 1 3 1 2 . 0 7 . 5 1
A d d i t i v e  S S A  
( c m 2 , g 1 )




a c cu ra te . O v e ra ll, th e s e  re s u lts  a re  e x p e c te d . T h is  is  b e c a u s e  v a r io u s  c o m b in a tio n s  o f  
th e re b y  le a d in g  to  p o te n tia l  e rro r  (i.e ., d e v ia tio n  b e tw e e n  p re d ic te d  a n d  ac tu a l a d d itiv e  
re p la c e m e n t lev e l o r  S S A ). F o r  e x a m p le , h ig h  p e a k  h e a t  f lo w  ra te  c o u ld  b e  o b ta in e d  b y  
u s in g  a  c o a rse  m in e ra l a d d it iv e  a t h ig h  re p la c e m e n t lev e l, o r  a  f in e  m in e ra l a d d it iv e  a t 
lo w  re p la c e m e n t lev e l. T h e  p re s e n c e  o f  d if fe re n t  m in e ra l a d d itiv e s  in  e a c h  O P C  sy s te m  
c o n tr ib u te s  to  th e  u n iq u e n e s s  o f  th e  re s p e c tiv e  h e a t  f lo w  s ig n a tu re s , c o n s e q u e n t o f  th e  
h y d ra tio n  re a c tio n . T h u s , a d d itiv e  ty p e  is  h ig h ly  p re d ic ta b le  w h e n  M L  te c h n iq u e s  a re  
p ro p e r ly  u tiliz e d .
A  l im ita tio n  o f  th e  o p tim iz a tio n  sc h e m e  d e s c r ib e d  a b o v e  is  in s u f f ic ie n t  d a ta -  
re c o rd s  (i.e ., 2 0 8  u n iq u e  c o m p o s itio n s ) , a n d  lim ite d  v a r ia tio n s  in  th e  in p u ts , le a d in g  to  
e rro r  in  p re d ic tio n s  o f  re p la c e m e n t lev e l a n d  S S A  o f  th e  a d d itiv e . A  la rg e r  a n d  m o re  
d iv e rse  d a ta b a se  w ill  e n a b le  th e  a b ility  to  o p tim iz e  m ix tu re  d e s ig n  in  h ig h -f id e lity  
m a n n e r . W ith  th a t  s ta ted , th e re  is  p o te n tia l ly  ro o m  fo r  im p ro v e m e n t w ith in  th e  
o p tim iz a tio n  p ro c e s s  in  fu tu re  s tu d ie s ;  h o w e v e r , th e  n o v e l w o rk  w ith in  th is  p u b lic a tio n  is  
th e  f ir s t  s tep  to  o p tim iz e  c e m e n ti t io u s  m ix tu re  d e s ig n s  th a t  a re  l ik e ly  to  e x h ib it  
ta rg e t/d e s ire d  h e a t  e v o lu tio n  s ig n a tu re s .
4. CONCLUSIONS AND FUTURE WORK
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In  th e  p a s t  d e c a d e  o r  so, m a c h in e  le a rn in g  (M L ) h a s  a ris e n  as a  p ro m is in g , h o lis t ic  
a p p ro a c h  to  re v e a l su c h  c o m p o s itio n -p ro p e r ty  c o rre la tio n s  in  c o m p o s ite  m a te ria ls . T h is  
s tu d y  d e sc r ib e s  th e  u s e  o f  a  ra n d o m  fo re s ts  (R F ) m o d e l to  e n a b le  h ig h -f id e lity  p re d ic tio n s  
o f  t im e -d e p e n d e n t h y d ra tio n  k in e tic s  o f  b le n d e d  o rd in a ry  P o r tla n d  c e m e n t (O P C ) sy s te m s
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—  m o r e  s p e c i f i c a l l y  [ O P C  +  m i n e r a l  a d d i t i v e s ]  s y s t e m s  —  u s i n g  t h e  s y s t e m ’ s  m i x  d e s i g n  
f e a t u r e s  a n d  p h y s i o c h e m i c a l  a t t r i b u t e s  a s  i n p u t s .  A s  a  m e t h o d  t o  l i m i t  O P C ’ s  
c o n t r i b u t i o n s  t o  g l o b a l  a n t h r o p o g e n i c  C O 2  e m i s s i o n s ,  m i n e r a l  a d d i t i v e s  h a v e  b e e n  
e n d o r s e d  b y  l i t e r a t u r e  a s  p a r t i a l  r e p l a c e m e n t s  f o r  O P C .  H o w e v e r ,  i t  h a s  b e e n  w e l l  
e s t a b l i s h e d  t h a t  m i n e r a l  r e p l a c e m e n t s  o f  d i f f e r i n g  t y p e s  a n d  p h y s i c a l  p r o p e r t i e s  c a n  h a v e  
v a r y i n g  e f f e c t s  o n  t h e  h y d r a t i o n  k i n e t i c s  o f  O P C - b a s e d  s y s t e m s .  T h e r e f o r e  —  i n  r e g a r d s  
t o  m o r e  c o m p l e x  s y s t e m s  —  i t  i s  i n f e a s i b l e  f o r  s e m i - e m p i r i c a l  k i n e t i c  m o d e l s  t o  r e v e a l  
t h e  u n d e r l y i n g  n o n l i n e a r  c o m p o s i t i o n - p r o p e r t y  ( i . e . ,  r e a c t i v i t y )  r e l a t i o n s h i p s .
T o  e l u c i d a t e  t h e  a f o r e m e n t i o n e d  u n d e r l y i n g  n o n l i n e a r  c o m p o s i t i o n - p r o p e r t y  ( i . e . ,  
r e a c t i v i t y )  r e l a t i o n s h i p s ,  a n  o r i g i n a l  a p p l i c a t i o n  o f  t h e  r a n d o m  f o r e s t s  ( R F )  M L  m o d e l  
w a s  u t i l i z e d  t o  p r e d i c t  t h e  t i m e - d e p e n d e n t  h y d r a t i o n  b e h a v i o r  ( i . e . ,  h e a t  f l o w  r a t e ;  a n d  
c u m u l a t i v e  h e a t  r e l e a s e )  o f  o r d i n a r y  P o r t l a n d  c e m e n t  ( O P C )  b a s e d  p l a i n  a n d  b l e n d e d  
s y s t e m s .  T h e  p r e d i c t i o n  r e s u l t s  h a v e  p r o v e n  t h a t  t h e  R F  m o d e l  h a s  t h e  a b i l i t y  t o  p r e d i c t  
a n d  o p t i m i z e  t h e  r e l a t i v e l y  c o n t i n u o u s  ( i . e . ,  s h o r t  t i m e  s t e p s )  a n d  l o n g  t i m e  p e r i o d  ( i . e . ,
2 4  h o u r s )  h e a t - e v o l u t i o n - d e t e r m i n e d  k i n e t i c  p r o f i l e s  c o r r e s p o n d i n g  t o  p l a i n  a n d  b l e n d e d  
O P C  s y s t e m s .  F u r t h e r ,  t h e s e  n o v e l  M L  r e s u l t s  d e m o n s t r a t e  f o r  t h e  f i r s t  t i m e  t h a t  r a p i d  
a n d  r e l i a b l e  p r e d i c t i o n s  —  o n c e  t h e  m o d e l  i s  p r o p e r l y  a n d  r i g o r o u s l y  t r a i n e d ,  a r e  p o s s i b l e  
f o r  n e w  O P C - b a s e d  s y s t e m s  w i t h o u t  f u r t h e r  e x p e r i m e n t a t i o n  —  o f  t i m e - d e p e n d e n t  
h y d r a t i o n  b e h a v i o r  o f  p l a i n  a n d  b l e n d e d  O P C  s y s t e m s  a r e  i n d e e d  f e a s i b l e ,  a  f e a t  t h a t  i s  
c u r r e n t l y  i m p o s s i b l e  w i t h  c u r r e n t  n u m e r i c a l  k i n e t i c  m o d e l s .  T o  t h e  b e s t  o f  t h e  a u t h o r s ’ 
k n o w l e d g e ,  t h i s  i s  t h e  f i r s t  s t u d y  t h a t  e m p l o y s  M L  t o  p r e d i c t  t i m e - d e p e n d e n t  k i n e t i c  
b e h a v i o r  o f  c e m e n t  h y d r a t i o n  t h a t  f e a t u r e s  m u l t i p l e  m i n e r a l  a d d i t i v e s  a n d  f o c u s e s  o n  
m i x t u r e  d e s i g n  p a r a m e t e r s  a n d  p h y s i o c h e m i c a l  a t t r i b u t e s .
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T h e  re su lts  f ro m  th is  s tu d y  c a n  b e  e x p a n d e d  to  fo rm u la te  m ix tu re  d e s ig n s  th a t  
s a tis fy  ta rg e t  (u se r - im p o se d )  k in e tic  c rite r ia , e v e n  w ith o u t  a  c o m p re h e n s iv e  
u n d e rs ta n d in g  o f  th e  u n d e r ly in g  k in e tic  m e c h a n ism s . F o r  e x a m p le , i f  th e  c u rre n t tra in in g  
d a ta b a se  is  e x te n d e d  to  in c lu d e  a d d itio n a l [O P C  +  m in e ra l a d d it iv e s ]  p e rm u ta tio n s , th e  
h e a t-e v o lu tio n  p ro f ile s  c o rre s p o n d in g  to  th e  h y d ra tio n  o f  m o re  c o m p le x  b le n d e d  sy s te m s  
c o u ld  b e  p o te n tia l ly  p re d ic te d  w ith  re a s o n a b le  a c c u ra c y . S u ch  e x a m p le s  in c lu d e , a  sy s te m  
w ith  n u m e ro u s  m in e ra l a d d itiv e s , su ch  as  a  [O P C  +  lim e s to n e  +  q u a r tz  +  m e ta k a o lin  +  
s il ic a  fu m e ]  sy s te m  o r  e v e n  a  sy s te m  c o n ta in in g  o th e r  c o m m o n ly  u s e d  a d d it iv e s  su c h  as 
f ly  a sh e s  a n d /o r  g e o p o ly m e rs  i f  sa id  a d d itiv e s  a re  in c lu d e d  in  a d d itio n a l p e rm u ta tio n s . In  
te rm s  o f  o p tim iz a tio n , a  d a ta b a se  w ith  a d d itio n a l d a ta -e n tr ie s  c o u ld  a lso  b e  u ti l iz e d  to  
p re d ic t  in  a  h ig h -f id e lity  a p p ro a c h  th e  e x a c t  id ea l a m o u n t a n d  a d d itiv e  ty p e  fo r  a  [O P C  +  
m in e ra l a d d it iv e (s ) ]  sy s te m  w ith  a  d e s ire d  t im e -d e p e n d e n t h e a t-e v o lu tio n  p ro f i le  an d  
s tre n g th  th re sh o ld . T h e re  a re  a d d itio n a lly  a  p le th o ra  o f  p o te n tia l  o p p o r tu n itie s  fo r  
im p ro v e m e n t w ith in  th e  p re d ic tio n  a n d  o p tim iz a tio n  p ro c e s se s  in  fu tu re  s tu d ie s ;  h o w e v e r , 
th e  n o v e l w o rk  w ith in  th is  p u b lic a tio n  re p re s e n ts  an  im p o r ta n t  in it ia l  d e s ig n  o p tim iz a tio n  
m ile s to n e  fo r  c e m e n ti t io u s  m ix tu re  d e s ig n s  th a t  su c c e s s fu lly  d e m o n s tra te s  th e  fe a s ib le  fo r  
a  g iv e n  M L  m o d e l to  e lu c id a te  u n d e r ly in g  n o n lin e a r  t im e -d e p e n d e n t c o m p o s itio n -  
p ro p e r ty  (i.e ., re a c tiv ity )  re la tio n sh ip s .
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SECTION
2. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK
2.1. SUMMARY AND CONCLUSIONS OF DISSERATION WORK
T h e  w o rk  p re s e n te d  w ith in  th is  d is s e r ta tio n  h e lp s  fu r th e r  u n d e rs ta n d in g  o f  m u lt i ­
p h a s e  O P C -b a s e d  sy s te m s  a n d  its  p u re  p h a se  d e r iv a tiv e s . T h e  o v e ra ll im p a c t  o f  th is  w o rk  
is  im p ro v e d  u n d e rs ta n d in g  a n d  e x p la n a tio n s  o f  h o w  v a r io u s  p ro c e s s  p a ra m e te rs  e ffe c t 
O P C -b a s e d  a n d  o th e r  re le v a n t  c e m e n ti t io u s  sy s te m s. T h a t is, f ro m  th is  w o rk , th e  
u n d e rs ta n d in g  o f  c e m e n t h y d ra tio n  k in e tic s  in  th e  p re se n c e  o f  v a ry in g  p ro c e s s  p a ra m e te rs  
is  im p ro v e d  th ro u g h  p h y s ic a l e x p e rim e n ts  a n d  fu r th e r  c o m p u ta tio n a l te c h n iq u e s , su c h  as : 
n u m e ric a l k in e tic -b a se d  m o d e llin g ;  a n d  a r tif ic ia l in te ll ig e n c e  te c h n iq u e s  l ik e  m a c h in e  
le a rn in g  (M L )  m o d e ls .
T o  im p ro v e  c u rre n t u n d e rs ta n d in g  w ith in  th e  lite ra tu re , th e  e ffe c t  o f  w a te r  w a s  
e ffe c tiv e ly  e x p lo re d  w ith  tw o  v e ry  d if fe re n t a p p ro a c h e s :  f ir s tly , i t  w a s  e x p lo re d  in  
o rd in a ry  P o r tla n d  c e m e n t (O P C ) p a s te  sy s te m s  b y  s tu d y in g  th e  e ffe c t o f  s e d im e n ta tio n  in  
sy s te m s  w ith  v a ry in g  w ith  w a te r - to -c e m e n t ra t io  a n d ; se co n d ly , i t  w a s  e x p lo re d  b y  
s tu d y in g  th e  e ffe c t o f  th e  th e rm o d y n a m ic  a c tiv ity  o f  th e  w a te r  p re s e n t  in  th e  c o n s id e re d  
p a s te  sy s te m  —  th a t  is, w a te r  a c tiv ity  (aH) —  an  im p o r ta n t  th e rm o d y n a m ic  p a ra m e te r  -  
o n  th e  p ro g re s s io n  o f  th e  b e li te  (P -C 2S) h y d ra tio n  re a c tio n . O v e ra ll, P a p e r  I  p ro v id e  a 
n o v e l in s ig h ts  in to  th e  m e c h a n is m s  th a t  c a u se  c e m e n t h y d ra tio n  ra te s  to  re m a in  
in se n s it iv e  to  c h a n g e s  in  th e  p a s te ’s w a te r  c o n te n t  a n d  h ig h lig h ts  im p o r ta n t  a sp e c ts  th a t  
n e e d  to  b e  in c o rp o ra te d  in  p h a se  b o u n d a ry  n u c le a tio n  a n d  g ro w th  (p B N G ) m o d e ls  to
a c c o u n t  f o r  C - S - H  c o n f i n e m e n t  a s  w e l l  a s  t h e  s e d i m e n t a t i o n  o f  c e m e n t  p a r t i c l e s .  P a p e r  
I I  o n  t h e  o t h e r  h a n d ,  e n h a n c e s  c u r r e n t  t h e r m o d y n a m i c  u n d e r s t a n d i n g  o f  a l l  c e m e n t i t i o u s  
s y s t e m s  c o n t a i n i n g  P - C 2S ,  i n c l u d i n g  O P C - b a s e d  s y s t e m s  a n d  c a l c i u m  a l u m i n a t e - b a s e d  
s y s t e m s ,  b y  p r o v i d i n g  t h e r m o d y n a m i c  c o n s t a n t  v a l u e s  f o r  t h e  c r i t i c a l  a H t h r e s h o l d  a n d  
s o l u b i l i t y  p r o d u c t  c o n s t a n t  o f  P - C 2S  ( K Czs )  f o r  t h e  f i r s t  t i m e .  T h i s  b r i n g s  n o v e l  i n s i g h t  t o  
c u r i n g  c o n d i t i o n s  n e c e s s a r y  f o r  h y d r a t i o n  o f  P - C 2S  t o  p r o c e e d  a n d  a l s o  i n v i t e s  f u r t h e r  
i n v e s t i g a t i o n s  r e g a r d i n g  P - C 2S  h y d r a t i o n  a s  i n s t r u m e n t a l  t e c h n i q u e s  i m p r o v e  o v e r - t i m e .
A d d i t i o n a l l y ,  P a p e r  I I I  a n d  I V  s e p a r a t e l y  e x p l o r e  t h e  e f f e c t s  o f  t w o  v a r i e d  p r o c e s s  
p a r a m e t e r s  o n  t r i c a l c i u m  s i l i c a t e  ( C 3S )  h y d r a t i o n ,  t h a t  i s ,  t h e  w o r k  e x p l o r e s  t h e  e f f e c t  o f  a  
c o m m o n  s u p e r p l a s t i c i z e r ,  p o l y c a r b o x y l a t e  e t h e r  ( P C E ) ,  a n d  v a r i o u s  f i l l e r  m i n e r a l  
a d d i t i v e s  o n  C 3S  h y d r a t i o n .  T h e  o u t c o m e s  o f  t h e  [ C 3S  +  P C E ]  s t u d y  p r o v i d e  m e c h a n i s t i c  
i n s i g h t s  l i n k i n g  t h e  d e c e l e r a t i n g  e f f e c t s  o f  P C E  t o  t h e  o v e r a l l  d o s a g e  a n d  m o l e c u l a r  
a r c h i t e c t u r e  t h r o u g h  a  n o v e l  c o m p o s i t e  p a r a m e t e r ,  o b s e r v e d  v i a  e x p e r i m e n t a l  m e a n s  a n d  
c o r r o b o r a t e d  w i t h  p B N G  m o d e l  r e s u l t s .  S u c h  k n o w l e d g e  i s  e x p e c t e d  t o  a i d  i n  u n c o v e r i n g  
t h e  u n d e r l y i n g  m e c h a n i s m s  t h a t  d e s c r i b e  t h e  i n f l u e n c e  o f  P C E  o n  t h e  h y d r a t i o n  o f  o t h e r  
c e m e n t i t i o u s  p h a s e s  a s  w e l l  a s  o t h e r  f r e s h  p r o p e r t i e s .  T h e  o u t c o m e s  p r e s e n t e d  i n  t h e  [ C 3S  
+  m i n e r a l  a d d i t i v e ]  s t u d y  p r o v i d e  n o v e l  i n s i g h t s  i n t o  t h e  m e c h a n i s t i c  o r i g i n s  o f  t h e  filler 
effect b y  e x p l o r i n g  a n d  d i r e c t l y  c o m p a r i n g  t h e  f i l l e r s  m a t e r i a l s  —  l i m e s t o n e ,  q u a r t z ,  
r u t i l e ,  a n d  c o r u n d u m  -  t o  o n e  a n o t h e r  u n d e r  a p p r o x i m a t e l y  e q u i v a l e n t  c o n d i t i o n s .
T h r o u g h  p h y s i c a l  ( i . e . ,  i s o t h e r m a l  c a l o r i m e t r y )  a n d  c o m p u t a t i o n a l  ( i . e . ,  p B N G  m o d e l )  
m e a n s ,  i t  w a s  c o n c l u d e d  t h a t  l i m e s t o n e ,  q u a r t z ,  a n d  r u t i l e  p e r f o r m  r o u g h l y  e q u i v a l e n t  a s  
f i l l e r  m a t e r i a l s .  T h i s  i s  c o n t r a r y  t o  w h a t  h a s  b e e n  r e p o r t e d  i n  p r i o r  s t u d i e s ,  w h i c h  h a v e  
r e p o r t e d  t h a t  l i m e s t o n e  i s  a b l e  t o  e n h a n c e  h y d r a t i o n  b e t t e r  t h a n  q u a r t z  d u e  t o  l i m e s t o n e ’ s
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e x c e l l e n t  s u r f a c e  p r o p e r t i e s  ( i . e . ,  r e l a t i v e l y  l o w e r  w e t t i n g  a n g l e )  a n d  a b i l i t y  t o  p a r t i c i p a t e  
i n  a n i o n - e x c h a n g e  r e a c t i o n s .  H o w e v e r ,  c o r u n d u m  d i d  n o t  a p p e a r  t o  c o n v e n t i o n a l l y  
e x h i b i t  t h e  filler effect. A s  t h e  r e p l a c e m e n t  l e v e l  o f  c o r u n d u m  w a s  i n c r e a s e d ,  C 3 S  
h y d r a t i o n  w a s  i n c r e a s i n g l y  d e c e l e r a t e d .  A f t e r  t h e  i n i t i a l  3 6  h o u r s  o f  h y d r a t i o n ,  t h e  
d e c e l e r a t i n g  e f f e c t s  o f  c o r u n d u m  w e r e  u l t i m a t e l y  e b b e d  a n d  a n n u l l e d .
P a p e r s  V  a n d  V I  p r e s e n t  a  n o v e l  h y b r i d  m a c h i n e  l e a r n i n g  ( M L )  m o d e l ,  t h a t  i s  t h e  
R a n d o m  F o r e s t s  -  F i r e f l y  A l g o r i t h m  ( R F - F F A )  m o d e l ,  a n d  i t s  a b i l i t y  t o  p r e d i c t  t h e  
d e s i g n a t e d  o u t p u t  f r o m  t w o  d i f f e r e n t  t y p e s  o f  d a t a ;  t h a t  i s ,  i n  P a p e r  V ,  t h e  m i x  d e s i g n  o f  
c o n c r e t e  s y s t e m s  w e r e  u s e d  t o  p r e d i c t  c o m p r e s s i v e  s t r e n g t h ,  w h i l e  i n  P a p e r  V I ,  t h e  
v a r i o u s  p r o c e d u r a l  p a r a m e t e r s  c o r r e s p o n d i n g  t o  f r o t h  f l o t a t i o n  p r o c e s s  o f  g a l e n a  a n d  
c h a l c o p y r i t e  w e r e  u s e d  t o  p r e d i c t  t h e  m e t a l l u r g i c a l  e f f i c i e n c y  o f  t h e  o v e r a l l  f l o t a t i o n  
p r o c e d u r e .  T h e  h y b r i d  m o d e l ’ s  p e r f o r m a n c e  w a s  c o m p a r e d  a g a i n s t  f i v e  s t a n d a l o n e  M L  
m o d e l s  a n d  w e r e  e v a l u a t e d  u s i n g  f i v e  s t a t i s t i c a l  p a r a m e t e r s  ( i . e . ,  R ,  R 2 , M A E ,  R M S E ,  
a n d  M A P E )  a n d  t h e  c o m p o s i t e  p e r f o r m a n c e  i n d e x  ( C P I ) .  I n  b o t h  P a p e r s  V  a n d  V I ,  t h e  
p r e d i c t i o n  p e r f o r m a n c e  o f  t h e  R a n d o m  F o r e s t s  ( R F )  M L  m o d e l  a n d  t h e  R F - F F A  m o d e l  
w a s  s u p e r i o r  c o m p a r e d  t o  t h e  o t h e r  s t a n d a l o n e  m o d e l s .  T h e  o v e r a l l  o u t c o m e  o f  t h e s e  
s t u d i e s  d e m o n s t r a t e  t h e  p o t e n t i a l  o f  M L  m o d e l s  a s  a  p r o m i s i n g  t o o l  t o  r e v e a l  u n d e r l y i n g  
n o n l i n e a r  i n p u t - o u t p u t  r e l a t i o n s h i p s .
L a s t l y ,  P a p e r  V I I  b u i l t  u p o n  t h e  w o r k  o f  P a p e r s  I V ,  V ,  a n d  V I ,  t h a t  i s ,  P a p e r  V I I  
p r e s e n t e d  a  d a t a b a s e  c o n s t r u c t e d  a t  M i s s o u r i  U n i v e r s i t y  o f  S c i e n c e  a n d  T e c h n o l o g y  
c o m p r i s i n g  o f  i s o t h e r m a l  c a l o r i m e t r y  r e s u l t s .  M o r e  s p e c i f i c a l l y ,  t h e  d a t a b a s e  i s  
c o m p r i s e d  o f  t h e  h e a t  f l o w  r a t e  a n d  t h e  c u m u l a t i v e  h e a t  r e l e a s e d  d u r i n g  t h e  i n i t i a l  2 4  
h o u r s  o f  h y d r a t i o n  f o r  [ O P C  +  m i n e r a l  a d d i t i v e ]  p a s t e  s y s t e m s  c o r r e s p o n d i n g  t o  o v e r  3 0 0
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c o m p o s itio n a l u n iq u e  sy s te m s. T h e  o u tc o m e s  o f  th is  s tu d y  h a v e  d e m o n s tra te d  th a t  th e  R F  
m o d e l c a n  su c c e ss fu l p re d ic t  a n d  o p tim iz e  th e  re la tiv e ly  c o n tin u o u s  ( i.e ., sh o rt  t im e  
s te p s )  a n d  lo n g  t im e  p e r io d  (i.e ., 2 4  h o u rs )  h e a t-e v o lu tio n -d e te rm in e d  k in e tic  p ro f ile s  
c o rre s p o n d in g  to  p la in  a n d  b le n d e d  O P C  sy s te m s. F u r th e r , th e s e  n o v e l M L  re su lts  
d e m o n s tra te  fo r  th e  f ir s t  t im e  th a t  ra p id  a n d  re l ia b le  p re d ic tio n s  fo r  p ro f ile s  
c o rre s p o n d in g  to  c o m p o s itio n s  w ith o u t  a  c o rre s p o n d in g  d a ta  e n try  w h e n  p ro p e r ly  an d  
r ig o ro u s ly  tra in e d , a  fe a t  th a t  is  c u rre n tly  im p o s s ib le  w ith  c u rre n t n u m e ric a l k in e tic  
m o d e ls .
2.2. RECOMMENDATIONS FOR FUTURE WORK
T h e  w o rk  p re s e n te d  in  th is  d is s e r ta t io n  is  fo c u s e d  o n  v a ry in g  w e ll-e s ta b lis h e d  
p ro c e s s  p a ra m e te rs  c o rre s p o n d in g  to  O P C -b a se d  sy s te m s  to  b e tte r  u n d e rs ta n d , o r  fu rth e r, 
p re d ic t  e a rly  a g e  h y d ra tio n  k in e tic s . T h e  o u tc o m e s  o f  th is  d is s e r ta t io n  m a d e  g re a t  s tr id e s  
fo rw a rd  in  fu lf i l lm e n t o f  th a t  o b jec t. W ith  th a t  s ta ted , th e  th e rm o d y n a m ic  e s tim a tio n s  
u t i l iz e d  to  d e te rm in e  th e  c ritic a l w a te r  a c tiv ity  (aH) n e c e s s a ry  fo r  th e  b e li te  (P -C 2S) 
h y d ra tio n  re a c tio n  p ro g re s s  c a n  b e  re u ti l iz e d  fo r  te tra c a lc iu m  a lu m in o fe rr i te  (C 4A F ), th e  
la s t  p h a s e  in  O P C  fo r  th is  th e rm o d y n a m ic  a p p ro a c h  to  b e  a p p lie d  to . C o n d u c tin g  an  
a d d itio n a l s tu d y  o n  te ta c a lc iu m  a lu m in o fe rr i te  (C 4A F )  w ill g iv e  a  c o m p le te , h o lis tic  
p ic tu re  o f  th e  e ffe c t o f  aH o n  e a c h  a n h y d ro u s  p h a s e  p re s e n t  in  O P C . B e y o n d  O P C , th e re  
a re  o th e r  c e m e n ti t io u s  sy s te m s  th a t  a re  o f  in te re s t . P h a s e s  p re s e n t  w ith in  s u s ta in a b le  
b in d e rs  su c h  as c a lc iu m  a lu m in a te -b a s e d  c e m e n ts  a lso  w a r ra n t  s tu d y  fo r  im p ro v e d  
u n d e rs ta n d in g  a n d  im p le m e n ta t io n  e ff ic ie n cy .
In  th e  c o n te x t  o f  th e  [P C E  +  C 3 S] s tu d y  —  o n  th e  c o n d it io n  th a t  th e re  is /a re  
re a d ily , e a s ily  c h a ra c te r iz a b le  P C E (s ) , sy n th e s iz e d  in  s u ff ic ie n t a m o u n ts  — , i t  c o u ld  b e  
p o te n tia l ly  w o r th w h ile  to  c o n d u c t  a n  e x te n d e d  s tu d y  e x p lo r in g  th e  h y d ra tio n  k in e tic s  an d  
rh e o lo g ic a l p ro p e r t ie s  o f  [P C E  +  C 3 S], [P C E  +  C 3A /C $ ], a n d  [P C E  +  C 3 S +  C 3A /C $ ] 
p a s te  sy s te m s. S u c h  e x p e rim e n ts  w o u ld  n o t  h a v e  to  b e  l im ite d  to  P C E , th a t  is , th e  s tu d y  
c o u ld  e x te n d  to  o th e r  su p e r-p la s t ic iz in g  a d m ix tu re s  as w e ll. T h e  o u tc o m e  o f  su ch  a  s tu d y  
o r  s tu d ie s  c o u ld  p o te n tia l ly  p ro v id e  fu r th e r  in s ig h t  as to  h o w  to  o v e rc o m e  in c o m p a tib il i ty  
is su e s  th a t  is  n o t  a lw a y s  b u t  is  c o m m o n ly  in v o lv in g  C 3A /C $  p h a se s  a n d  su p e rp la s tic iz e rs . 
S u c h  k n o w le d g e  h a s  th e  p o te n tia l  to  im p ro v e  m ix tu re  d e s ig n  e f f ic ie n c y  fo r  h ig h -  
p e rfo rm a n c e  co n c re te s .
In  te rm s  o f  p o te n tia l  fu tu re  w o rk  fo r  p re d ic tio n  o f  p ro p e r t ie s  c o rre s p o n d in g  to  
O P C -b a s e d  sy s te m s  v ia  M L  m o d e ls , th e  p o s s ib il i t ie s  a re  n e a r  en d le ss . O b v io u s  
p o s s ib il i t ie s  in c lu d e  e x p a n d in g  th e  e x is tin g  iso th e rm a l c a lo r im e try  d a ta b a se  b y  
in c o rp o ra tin g  sy s te m s  c o rre s p o n d in g  to  a  m u lt i tu d e  o f  o th e r  c e m e n t ty p e s  th a t  c a n  b e  
u ti l iz e d  fo r  c o n s tru c tio n  a p p lic a tio n s . P ro g re s s iv e ly  th e  p a s te  sy s te m s  c a n  b e c o m e  m o re  
a n d  m o re  c o m p le x , v ia : th e  a d d itio n a l o f  th re e  o r  m o re  f i l le r  m a te r ia ls , n o n - f i l le r  m in e ra l 
a d d itiv e s  su c h  as f ly  a sh  o r  slag ; th e  in c o rp o ra tio n  o f  a  s u p e rp la s t ic iz e r  a d m ix tu re ; e tc . 
H o w e v e r , fu tu re  w o rk  c o u ld  p o te n tia l ly  e x te n d  b e y o n d  th e  c o n s tru c te d  o f  th e  iso th e rm a l 
c a lo r im e try  d a ta b a se  a n d  e x p a n d  to w a rd s  th e  b u ild in g  o f  a  n e w  d a ta b a se . P o te n tia l  
d a ta b a se  id e a s  in c lu d e , b u t  a re  n o t  l im ite d  to  th e  c o n s tru c tio n  o f  a  d a ta b a se  th a t  in c lu d e s  
rh e o lo g ic a l a n d  h e a t-e v o lu tio n  d a ta  fo r  e a c h  c o m p o s itio n , s c a n n in g  e le c tro n  m ic ro sc o p y  
m ic ro g ra p h s  o f  O P C -b a s e d  sy s te m s  a t  v a ry in g  ag es , m ic ro -c o m p u te d  x - ra y  to m o g ra p h y  
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T h e  fo llo w in g  a re  th e  r e u s e  p e rm is s io n s  a s  th e y  re la te  to  th e  p u b lis h e d  w o rk s  
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P a p e r  V I ,  f o u n d  o n  p a g e s  2 2 3 - 2 6 0  h a s  b e e n  p u b l i s h e d  i n  Engineering Reports i n  
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R e se a rc h . 3 4  (2 0 0 4 )  1 5 2 1 -1 5 2 8 . 
h t tp s : / /d o i.o rg /1 0 .1 0 1 6 /j .c e m c o n re s .2 0 0 4 .0 4 .0 3 5 .
[91] J .W . C a h n , T h e  T im e  C o n e  m e th o d  fo r  N u c le a t io n  a n d  G ro w th  K in e tic s  o n  a 
F in ite  D o m a in , M R S  P ro c e e d in g s . 3 9 8  (1 9 9 5 )  3 9 8 -4 2 5 . 
h t tp s : / /d o i.o rg /1 0 .1 5 5 7 /P R O C -3 9 8 -4 2 5 .
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[92] E . V illa , P .R . R io s , T ra n s fo rm a tio n  k in e tic s  fo r  su rfa c e  a n d  b u lk  n u c le a tio n , A c ta  
M a te r ia lia . 58 (2 0 1 0 )  2 7 5 2 -2 7 6 8 . h t tp s : / /d o i .o rg /1 0 .1 0 1 6 /j .a c ta m a t.2 0 1 0 .0 1 .0 1 2 .
[93] A . K u m a r, S. B ish n o i, K .L . S c r iv e n e r, M o d e ll in g  ea rly  a g e  h y d ra tio n  k in e tic s  o f  
a lite , C e m e n t a n d  C o n c re te  R e se a rc h . 4 2  (2 0 1 2 )  9 0 3 -9 1 8 .
[94] V .K . P e te rso n , M .C .G . Ju e n g e r , H y d ra tio n  o f  tr ic a lc iu m  silica te : e ffe c ts  o f  C a C l2  
a n d  su c ro se  o n  re a c tio n  k in e tic s  a n d  p ro d u c t  fo rm a tio n , C h e m is try  o f  M a te r ia ls .
18 (2 0 0 6 )  5 7 9 8 -5 8 0 4 .
[95] V .K . P e te rso n , A .E . W h itte n , H y d ra tio n  p ro c e s s e s  in  t r ic a lc iu m  s ilica te : 
a p p lic a t io n  o f  th e  b o u n d a ry  n u c le a tio n  m o d e l to  q u a s ie la s t ic  n e u tro n  sc a tte r in g  
d a ta , T h e  J o u rn a l o f  P h y s ic a l C h e m is try  C. 113 (2 0 0 9 )  2 3 4 7 -2 3 5 1 .
[96] G .W . S ch e re r , J. Z h a n g , J .J . T h o m a s , N u c le a tio n  a n d  g ro w th  m o d e ls  fo r  h y d ra tio n  
o f  c e m e n t, C e m e n t a n d  C o n c re te  R e se a rc h . 4 2  (2 0 1 2 )  9 8 2 -9 9 3 .
[97] J .J. T h o m a s , H .M . J e n n in g s , J .J . C h en , In f lu e n c e  o f  n u c le a tio n  se e d in g  o n  th e  
h y d ra tio n  m e c h a n is m s  o f  tr ic a lc iu m  s ilic a te  a n d  c e m e n t, T h e  J o u rn a l o f  P h y s ic a l 
C h e m is try  C . 113 (2 0 0 9 )  4 3 2 7 -4 3 3 4 .
[98] J .W . C a h n , T h e  k in e tic s  o f  g ra in  b o u n d a ry  n u c le a te d  re a c tio n s , A c ta  M e ta llu rg ic a . 
4  (1 9 5 6 )  4 4 9 -4 5 9 .
[99] C . N a b e r , F . B e llm a n n , T . S o w o id n ic h , F . G o e tz -N e u n h o e f fe r , J. N e u b a u e r , A lite  
d is s o lu tio n  a n d  C -S -H  p re c ip ita tio n  ra te s  d u r in g  h y d ra tio n , C e m e n t a n d  C o n c re te  
R e se a c h . 115 (2 0 1 9 )  2 8 3 -2 9 3 . h t tp s : / /d o i.o rg /1 0 .1 0 1 6 Z j.c e m c o n re s .2 0 1 8 .0 9 .0 0 1 .
[1 0 0 ] L . N ic o le a u , A . N o n a t, A  n e w  v ie w  o n  th e  k in e tic s  o f  tr ic a lc iu m  s ilic a te  
h y d ra tio n , C e m e n t a n d  C o n c re te  R e se a c h . 86  (2 0 1 6 )  1 -1 1 . 
h t tp s : / /d o i.o rg /1 0 .1 0 1 6 Z j.c e m c o n re s .2 0 1 6 .0 4 .0 0 9 .
[1 0 1 ] M .A . E tz o ld , P .J . M c D o n a ld , A .F . R o u th , G ro w th  o f  sh e e ts  in  3 D  c o n f in e m e n ts  
—  a  m o d e l fo r  th e  C - S - H  m e so  s tru c tu re , C e m e m t A m d  C o n c re te  R e se a rc h . 63 
(2 0 1 4 )  1 3 7 -1 4 2 . h t tp s : / /d o i .o rg /1 0 .1 0 1 6 /j .c e m c o n re s .2 0 1 4 .0 5 .0 0 1 .
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[1 0 2 ] E .M . G a rtn e r , A  p ro p o se d  m e c h a n is m  fo r  th e  g ro w th  o f  C -S -H  d u r in g  th e  
h y d ra tio n  o f  t r ic a lc iu m  s ilic a te , 2 7  (1 9 9 7 )  6 6 5 -6 7 2 .
h ttp s ://d o i .o rg /1 0 .1 0 1 6 /S 0 0 0 8 -8 8 4 6 (9 7 )0 0 0 4 9 -5 .
[1 0 3 ] E .M . G a rtn e r , K .E . K u r tis , P .J .M . M o n te iro , P ro p o s e d  m e c h a n is m  o f  C -S -H  
g ro w th  te s te d  b y  so ft  X -ra y  m ic ro sc o p y , C e m e n t a n d  C o n c re te  R e se a c h . 30  
(2 0 0 0 )  8 1 7 -8 2 2 . h t tp s : / /d o i .o rg /1 0 .1 0 1 6 /S 0 0 0 8 -8 8 4 6 (0 0 )0 0 2 3 5 -0 .
[1 0 4 ] T. H o n o r io , B . B a ry , F . B e n b o u d je m a , S. P o y e t, M o d e lin g  h y d ra tio n  k in e tic s  
b a s e d  o n  b o u n d a ry  n u c le a tio n  a n d  s p a c e -f ill in g  g ro w th  in  a  f ix e d  c o n fin e d  z o n e , 
C e m e n t a n d  C o n c re te  R e se a rc h . 83 (2 0 1 6 )  3 1 -4 4 . 
h t tp s : / /d o i.o rg /1 0 .1 0 1 6 /j .c e m c o n re s .2 0 1 6 .0 1 .0 1 2 .
[1 0 5 ] E . M a so e ro , J .J . T h o m a s , H .M . Je n n in g s , A  R e a c tio n  Z o n e  H y p o th e s is  fo r  th e  
E f fe c ts  o f  P a r tic le  S ize  a n d  W a te r- to -C e m e n t R a t io  o n  th e  E a r ly  H y d ra tio n  
K in e tic s  o f  C 3 S , J o u rn a l o f  th e  A m e ric a n  C e ra m ic  S o c ie ty . 9 7  (2 0 1 4 )  9 6 7 -9 7 5 .
[1 0 6 ] C . R oB ler, F . S te in ig e r , H .-M . L u d w ig , C h a ra c te r iz a t io n  o f  C - S - H  an d  C - A - S - H  
p h a s e s  b y  e le c tro n  m ic ro sc o p y  im a g in g , d iff ra c tio n , a n d  e n e rg y  d isp e rs iv e  X -ray  
sp e c tro sc o p y , J o u rn a l o f  th e  A m e ric a n  C e ra m ic  S o c ie ty . 100 (2 0 1 7 )  1 7 3 3 -1 7 4 2 . 
h t tp s : / /d o i .o rg /1 0 .1 1 1 1 /ja c e .1 4 7 2 9 .
[1 0 7 ] G .W . S ch e re r , M o d e ls  o f  C o n f in e d  G ro w th , C e m e n t a n d  C o n c re te  R e se a rc h . 4 2  
( 2 0 1 2 )1 2 5 2 - 1 2 6 0 .
[1 0 8 ] J. L a p e y re , H . M a , A . K u m a r, E f fe c t  o f  p a r t ic le  s iz e  d is tr ib u tio n  o f  m e ta k a o lin  o n  
h y d ra tio n  k in e tic s  o f  tr ic a lc iu m  s ilic a te , 102 (2 0 1 9 )  5 9 7 6 -5 9 8 8 . 
h t tp s : / /d o i .o rg /1 0 .1 1 1 1 /ja c e .1 6 4 6 7 .
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VITA
R a c h e l E liz a b e th  C o o k  w a s  b o rn  in  M a d iso n , W I  U S A  o n  O c to b e r  2 6 , 1993 . S he  
a tte n d e d  A lf re d  U n iv e rs i ty  in  w e s te rn  N e w  Y o rk  s ta te  f ro m  A u g u s t  2 0 1 2  to  M a y  2 0 1 6 , 
e a rn in g  a  B a c h e lo r  o f  S c ien c e  in  C e ra m ic  E n g in e e r in g . D u r in g  h e r  t im e  a t A lf re d  
U n iv e rs ity , sh e  c o m p le te d  h e r  u n d e rg ra d u a te  th e s is , w h ic h  w a s  fo c u s e d  o n  th e  
h y d ro th e rm a l sy n th e s is  o f  c o p p e r  a lu m in u m  o x id e  p o w d e rs , u n d e r  th e  d ire c tio n  o f  D r. 
Y iq u a n  W u .
In  A u g u s t  2 0 1 6 , R a c h e l s ta r te d  as a  P h D  s tu d e n t in  th e  M a te r ia ls  S c ie n c e  &  
E n g in e e r in g  d e p a r tm e n t a t M is so u r i  U n iv e rs i ty  o f  S c ie n c e  a n d  T e c h n o lo g y . In  D e c e m b e r  
2 0 2 0 , sh e  re c e iv e d  a  D o c to r  o f  P h ilo s o p h y  in  C e ra m ic  E n g in e e r in g  u n d e r  th e  d ire c tio n  o f  
D r. A d ity a  K u m a r  f ro m  M isso u r i  U n iv e rs i ty  o f  S c ie n c e  a n d  T e c h n o lo g y .
